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Doping profiles in silicon greatly determine electrical performances of microelectronic 
devices and are frequently engineered to manipulate device properties. To support engineering 
studies afterward, essential information is usually required for physically characterized doping 
profiles. 
Secondary ion mass spectrometry (SIMS), spreading resistance profiling (SRP) and 
electrochemical capacitance voltage (ECV) profiling are mainstream techniques for now to 
measure doping profiles destructively. SIMS produces a chemical doping profile through the ion 
sputtering process and owns a better characterization resolution. ECV and SPR, on the other 
hand, gauge an electrical doping profile from the free carrier detection in microelectronic devices. 
The major discrepancy between chemical and electrical profiles is at heavily doped (>1020 atoms / 
cm3) regions. At the profile region over the solubility limit, inactive dopants induce a flat plateau 
and only being detected by electrical measurements. Destructive techniques are usually designed 
as stand-alone systems for the remote usage. For an in-situ process control purpose, non-contact 
approaches, such as non-contact capacitance-voltage (CV) and ellipsometry techniques, are 
currently under developing. 
In this dissertation, novel terahertz time domain spectroscopy (THz-TDS) is adopted to 
achieve an electrical doping profile measurement in both destructive and non-contact manners. 
For this brand new application, everything has been studied from bottom-up. Firstly, the 
measurement uncertainty from the change of a bulk wafer thickness and the recognition of the 
doping profile dissimilarity were proven experimentally. The phosphorus refractive index from 
1.2×1015 cm-3 to 1.8×1020 cm-3 levels was then generated physically for the modeling of the 
complex THz transmission and its shift to the Drude Model prediction is explained two scientific 
mechanisms. Through the experimental demonstrated of the proactical degeneracy, relative 
strategies were proposed to shrink or break it. The doping profile measurement was finally 
performed by both methods. We conclude that THz-TDS can be designed as either an either in-
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1.1 Terahertz Technique 
Terahertz radiation (T-ray, 1 THz = 1012 Hz), shown in Figure 1.1, lies in the frequency 
segment of electromagnetic spectrum between the gap of infrared and microwave regions with 
well-known frequency (100 GHz – 10 THz), wavelength (30 µm – 3 mm) and photon energy 
(0.4 – 40 meV). The proper photon energy and long wavelength make T-ray a suitable technique 
in fields of astronomy [1, 2] as well as analytical science. There was a hard time to implement 
the terahertz technique because the background noise (25meV, or 6THz at room temperature), 
resulted from the incoherent light, limits the generation and detection of light in the far-infrared 
and terahertz range. In year 1985, the first prototype of THz system was developed and used for 
scientific purposes. Nowadays, continuous-wave THz systems and pulses based THz-TDS have 
been applied in various research fields, such as biological and medical science [3-6], non-
destructive evaluation, homeland security [7-9], quality control [10, 11], ultra-fast computing 
[12] and so on. Due to uninterrupted technological innovations of photonics and nanotechnology 
[13, 14], cutting-edge THz devices and high–frequency electronics with ascensive performances 
continuously benefit coming THz systems in advanced. In the semiconductor field, the position 
of THz technique is getting raised through researches on devices operated at the THz frequency, 
like resonant tunneling diodes [15], THz signal-photon detectors [16], schottky barrier diodes 
(SBDs) [17] and etc. Many historic achievements and fundamental principles of THz researches 
can be traced back through some review papers [18, 19]. To make THz techniques more popular, 




Figure 1.1 The overall electromagnetic spectrum with applications in individual segments. 
Free carrier absorptions of two doping levels in all electromagnetic (EM) frequencies are 
depicted Figure 1.2. THz-TDS over here displays major advantages over microwave detected 
photoconductive decay (µPCD) [20] and fourier transform infrared spectroscopy (FTIR) 
techniques [21], which utilize EM wave in neighboring microwave and infrared regions, 
respectively. In MIR (Mid-Infrared), NIR (Near-Infrared) and visible regions, free carrier 
absorptions are either negligible and/or obscured by other optical features like impurity 
absorption, phonon or inter-band absorption due to its weak photon energy (0.4 – 40 meV). 
Therefore pure behaviors from free carriers are ambiguous in these regions to characterize. 
Researchers instead focus on studies regarding impurity absorption, phonon or inter-band 
absorption in above regions. For example, FTIR is generally used to study the impurity 
absorption and molecule vibration in materials. If any study emphasizes the pure behavior of free 
carrier, microwave and terahertz frequencies are the viable options for a direct observation. In 
this dissertation, our research aims at the carrier dynamic and optical properties in silicon 
utilizing a general THz-TDS. The ultimate goal is to develop a practical metrology for 
microelectronic industries. The same analytical procedure can be applied to study carrier 




Figure 1.2 Absorption coefficients of phosphorus doped (1018 cm-3) silicon and lightly doped (1015 
cm-3) silicon from the microwave to the visible. This log-log plot of the global optical landscape of Si 
clearly illustrates (see text) why THz is the optimal spectral window for the metrology we propose. 
(The physical processes contributing to the optical features are labeled: SiO2 refers to silica clusters 
and “ph” stands for phonons, which although weak in nonpolar Si is not completely absent.) 
Although photon energy in microwave regions is also low, several advantages make THz 
frequencies a better option to detect the pure behavior from free carriers. Figure 1.3 shows the 
susceptibility of the free carrier absorption between moderately doped (1018 cm-3) and lightly 
doped silicon (1015 cm-3) from Figure 1.2. There is virtually no contrast between two doping 
levels above the THz region, excellent contrast in the THz region and moderate to low contrast 
in the microwave region. The magnitude of this contrast matters because it determines the 
sensitivity (the magnitude of doping differences or deviations that can be detected). The 
dispersion (steepness of the slope) matter even more: The dispersion is of critical importance for 
a metrology of the kind proposed here because it is the differences in the transmittance, 













pulse) through the specimen. These attractive features make THz-TDS an outstanding metrology 
technique to monitor the electrical performance of the device and can be potentially utilized in 
the inline process control in the semiconductor fabrication process. Moreover compared to the 
µPCD with the single frequency information, measured THz spectrum in the frequency domain 
contains multiple frequencies information, which leads to potentially complicated applications. 
 
Figure 1.3 The difference of free carrier absorption between 1015 cm-3 and 1018 cm-3 P doped Si as a 
function of wavelength. Note that the free carrier absorption is very weak at frequencies above the 
terahertz region. At frequencies lower than the terahertz region there is free carrier absorption. 
However the contrast and dispersion is much less than in the terahertz. Hence, even if a 
comparable broadband fast microwave technique could be developed it will by necessity have 
significantly less resolution (capability to accurately resolve the shape of the doping profile) and 
sensitivity. 
1.2 Research Motivation 
The motivation of this research is to design a commercial metrology for the prediction of 
electrical doping profiles in microelectronic devices utilizing the outstanding advantages in THz 
regions. Nowadays mainstream characterization techniques of doping profile measurements are 
designed as stand-alone systems, which are hard to feedback measurements in a timely manner. 
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The brand-new THz-TDS approach enables us to consider a potentially non-contact option. 
During 2012, the U.S. Photovoltaic Manufacturing Consortium (PVMC) embarked on a ‘Pareto 
exercise’ with 38 separate organizations from industry, national labs and academia to identify 
and prioritize the critical challenges in c-Si metrology. Like several similar panels and 
workshops this effort identified, among other challenges, the unmet need for: “High-throughput 
evaluation of the emitter doping process (e.g. doping uniformity, in-line resistivity, junction 
depth, doping profile measurement on a textured surface). SIMS [22, 23], SRP [24, 25] and ECV 
profiling [26, 27] are widely used techniques to determine a doping profile measurement but 
hard to satisfy the demand of the high-throughput evaluation. Different from them, THz-TDS is 
the only broadband technique in THz regions to deliver an optical metrology, which is capable of 
achieving a doping profile mapping that is: 
 Non-contact / non-destructive 
 Fast measurement 
 High sensitivity 
 High resolution 
 Directly measure both the frequency dependent absorption and phase shift 
 Provide additional information (mobility, crystallinity, lifetime) 
Non-contact techniques open a popular field for the industry to deal with the high 
throughput production through an in-situ process control rom the real-time feedback of tool 
condition. Merits in THz techniques motivates us to develop an alternative metrology for the 
inline process monitor purpose. 
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1.2.1 Summary of Competing Profile Measurement Techniques 
A functional comparison regarding the doping profile measurement between the proposed 
THz technique and common existing alternatives is summarized in the Figure 1.4. Except 
repeatedly mentioned destructive techniques, CV, non-contact CV (nc-CV) and ellipsometry 
techniques are belong to non-destructive metrologies, which could be potential competitors to 
the THz-TDS approach. Currently the most reliable high resolution technique for a doping 
profile determination is SIMS. This technique is destructive, slow and expensive and measures 
the chemical profile as opposed to the active doping profile. The CV technique requires that a 
metal-semiconductor (Schottky) junction be formed with the sample. The capacitance of this 
junction is then measured at various voltages and an underlying theoretical model (typically the 
Shockley or depletion approximation model as first proposed by Hilibrand and Gold in 1960 [28]) 
together with empirical correction factors is used to infer properties of the substrate. Estimates 
based on this technique are generally acceptable if the junction is sufficiently shallow. The 
underlying theoretical model and empirical corrections used are relevant to the material 
measured, where the junction is laterally uniform. Traditional CV instruments predict a doping 
profile when presented with a sample with the same ‘confidence’ whether sample properties like 
crystallinity or passivation exactly fit the model and parameters used or deviate significantly [29, 
30]. Hence the conventional CV technique often performs best when measuring surface 
resistivity and shallow junctions. The detection of heavily doped regions is the limitation in this 
technique due to a too thin space charge region formed by an applied voltage. Usually profiles 
with > 1019 cm-3 regions cannot be precisely determined. The ECV technique exploits this 
strength by cycling between an etching step and a CV measurement step. As such it can be more 
accurate than conventional CV but is also destructive and slower. Non-contact CV attempts the 
conventional CV measurement without the physical contact by using a probe that capacitively 
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couples to the sample surface, typically a Kelvin probe. State of the art instruments in this field, 
like Semilab’s suite of non-contact CV tools, can measure various useful parameters like 
“average surface doping”, “dielectric capacitance”, “flat band voltage” and “total oxide charge” 
[31, 32]. However thin chemical vapor deposition (CVD) grown epi-layers do not be claimed to 
reliably map sub-surface doping depth profiles. SRP measures the sheet resistance over a defined 
distance to determine the surface carrier concentration. Tan et al [33] reported the capability of 
measuring profiles with the ultra-shallow (121nm) junction and obtained a reasonable agreement 
with the result from SIMS. As a non-contact and non-destructive technique, ellipsometry 
(particular IR ellisomtery) comes closest to having most of the benefits of the technique 
proposed here. Commercial far-infrared (FIR) or terahertz ellipsometers is not available at 
present, but we understand that the Woollam Corporation and collaborators are working on the 
concept [34, 35]. Ellipsometry is particularly good at characterizing very thin films like 
passivating layers or anti-reflective coatings [36]. The existing ultraviolet-visible-near infrared 
(UV-Vis-NIR) ellipsometers do however have a significant disadvantage relative to FIR or 
terahertz light when it comes to doping profile mapping. It is because 1) free carrier absorption 
(and the ability to detect the doping profile by the free carrier interaction) decrease roughly by 
1/2 with  being the frequency of the light used as a probe – simply put NIR light is 
significantly less sensitive to the doping profile than FIR light. 2) MIR and NIR spectra are 
complicated by the presence of impurity (and in some materials phonon) absorption that 
overshadows the free carrier absorption at resonant wavelengths and makes doping profile 
determination next to impossible when using these regions of the electromagnetic spectrum 




Figure 1.4 The benchmark of various characterization techniques for the doping profile 
measurement. 
1.3 Operating Principle of THz-TDS 
THz-TDS can be designed as transmission and reflection mode setups, where a 
transmission mode system is adopted in the whole research here. Pulses based THz-TDS relies 
on a relatively high energy laser source to achieve photon-excitation, THz pulse generation and 
detection. The schematic of THz-TDS, as depicted in Figure 1.5 (a), starts with a femtosecond 
laser produced optical pulse train (~250fs, 835 nm) by a mode-locked Ti:Sapphire laser system. 
As generated THz pulses have sub-picosecond duration, they are broadband with significant 
power from tens of GHz up to a few THz. The laser pulse train is then divided into two parts by a 
film-coated beam split. One part is directed to hit a THz emitter, made by a BATOP interdigital 
photoconductive THz antenna with microlens array, gallium arsenide (GaAs) chip with a low 
temperature grown GaAs absorbing layer and hyperhemispherical silicon lens. The GaAs chip 
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with a low temperature grown GaAs absorbing layer contains larger amount defects to confine 
the carrier recombination time in picosecond level and a 15V DC bias across the antenna 
conducts the collection of photo-excited electron-hole pairs to produce THz EM waves. These 
waves are well approximated by oscillating Hertzian dipoles, whose radiated electric field is 
proportional to the time derivative of electron-hole pairs. The Hi-resistivity silicon 
hyperhemispherical lens is set up to guide randomized THz waves to the same direction, 
enhancing the coupling efficiency of the THz pulses train between the photoconductive dipoles 
and free space (shown in Figure 1.5 (b)). EM THz pulses then propagate in the free space and 
reach a placed specimen. After penetrating the specimen, transmitted pulses with amplitude and 
phase changes are measured by an ultrafast THz detector. The photoconductive detection of THz 
radiation pulses are implemented through an inverse process of THz emission and requires the 
other part of the optical laser pulse train as a reference signal. For that, a Zaber delay stage with a 
moving mirror manipulates the arrival time of transmitted pulses to interfere the photocurrent 
generation, which is proportional to ETHz. (THz electric field) A Lock-in amplifier then processes 
the internal calculation and collection based on the photocurrent generation to map out an entire 
terahertz pulse. The traveling distance of the THz generation side has to be the same as the one 
in the detector side to assure the arrival of the same pulse. An air reference or a substrate 
specimen is generally required to cancel out the background noise. The power spectrum in THz 
region is very sensitive to the water vapor and several absorption peaks has been discovered at 
specific frequency locations [37]. To eliminate these water vapor induced noise during the 
measurement, a nitrogen or compressed air with a much lower humidity is generally injected into 
a sealed box. Labview graphic interface organizes the overall system operation to perform a real-
time and convenient measurement. The specialty of THz-TDS is to directly extract both real and 
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imaginary part refractive index inside the specimen without resorting to the Kramers-Kronig 
relations. 
 
Figure 1.5 (a) The schematic setup of a transmission mode THz-TDS (b) The operation principle of 
the generation of THz radiation 
The system described above mainly does the characterization of intrinsic carrier dynamic 
and optical properties in materials. Transient carrier dynamic in materials can also be directly 
investigated through this system in picosecond to nanosecond timescales by splitting out an 
additional laser source to photo-excite extra carriers. The THz detection is generally 
synchronized right after the photo-excitation to record the free carrier distribution as a function 
of time (carrier lifetime). It is so called time resolved terahertz spectroscopy (TRTS). People 
utilize this lifetime information to interpret various properties in nanomaterials such as crystal 
structure. Hence TRTS is considered as a powerful option for the academic research of advanced 
materials. We start from the usage of a standard THz-TDS in this research for the potential 
commercialization purpose and may consider this TRTS system in the future. 
1.3.1 Pro’s and Con’s of THz-TDS 
To summarize, THz-TDS has a number of advantages over above incoherent techniques: 




used at room temperature. 
 The direct complex refractive index extraction doesn’t need the usage of the 
Kramers-Kronig relations. 
 Fabry-Perot reflections in thick substrates can be removed by windowing the 
time-domain data. 
 The time-resolved photoconductivity on picosecond timescales can be measured 
in a non-contact manner. 
However, there are also disadvantages to limit the population of THz-TDS, such as a 
costly ultrafast laser and a narrower bandwidth than FTIR. While using a reflection mode THz-
TDS, the induced phase-sensitivity is more apparent than the transmission geometry. The 
position of mirrors needs to be precisely determined to prevent phase errors entering into the 
calculated optical properties [38, 39]. 
1.4 Contributions to Terahertz Science and Technology 
Key contributions to the terahertz community in this dissertation are: 
1. Explore the potential application of utilizing a typical THz-TDS to monitor material 
thicknesses. The proof of concept demonstration is done on a lightly doped silicon 
wafer. The same analytical procedure can be applied to other materials. 
2. Demonstrate the doping profile recognition in silicon using a typical THz-TDS. The 
experimental result suggests the practical feasibility of an in-situ monitor after the 
diffusion and ion implanted process. 
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3. A unique strategy is designed using silicon-on-insulator (SOI) wafers to physically 
generate a complex refractive index library of phosphorus dopant in silicon from 
concentrations 1.2×1015 cm-3 to 1.8×1020 cm-3. Phosphorus refractive index in silicon 
follows the Dude model estimation and the offset can be interpreted physical 
mechanisms. The same method can be utilized to generate libraries from others 
dopants and semiconductor materials in heavily doped regions. 
4. Although THz-TDS provides abundant information for a doping profile measurement, 
measurement noise from various sources could induce the multiple degeneracy and 
lead a wrong profile prediction. How serious of the multiple degeneracy is 
theoretically studied through the numerical simulation and experimentally proven 
using various SIMS profiles. 
5. Non-contact and destructive doping profile measurements are conceptually 
demonstrated and compared with SIMS profiles. The same flat plateau in heavily 
doped regions is confirmed by the predicted electrical doping profiles from other 
techniques. 
1.5 Dissertation Overview 
This dissertation presents numerical and experimental demonstrations of silicon doping 
profile measurements using a transmission mode THz-TDS. These results are structured as 
follows.  
Chapter 1 introduces the terahertz technique, research motivation, potential competitors 




Chapter 2 introduces Drude model, Drude-Smith model and transfer matrix, which are 
essential theories used in the whole research to calculate complex THz transmission. A literature 
review about the progress of the THz-TDS research in the semiconductor field is also 
summarized to emphasize the specialty of our research. 
Chapter 3 describes the THz measurement uncertainty from the thickness change of a 
lightly doped silicon wafer. In our research, the estimation of complex THz transmission requires 
the knowledge of a precise bulk silicon thickness. Resolutions of all indices from single THz 
measurement are compared and the result indicates sub-micron (~200 nm) to micron resolutions. 
The frequency index, Fabry-Pérot cavity resonances, is finally adopted in the whole research due 
to its sub-micron resolution. The same analytical procedure can be applied to other materials. 
Chapter 4 conceptually presents the recognition of phosphorus and boron profiles using a 
typical THz-TDS. Various profiles through different implant dosages and drive-in time in silicon 
are recognized by the residual THz radiation after penetrating through the sample. Surface 
morphology is proven to overcome by seeing no difference on multi-crystalline (mc-Si) solar 
cells with ~4µm texture heights. The in-situ process monitor after the diffusion and ion 
implanted process is feasible in both semiconductor and photovoltaic industries. 
Chapter 5 introduces the invented strategy of generating the phosphorus refractive index 
library in THz regions. The formation of an abrupt and thin doped layer in silicon makes this 
method special and the SOI wafer is chosen because of its excellent dopant stop capability in the 
middle silicon dioxide (SiO2) box layer. This empirical library covers refractive indices from 
1.2×1015cm-3 to 1.8×1020 cm-3 and surprisingly is close to the estimation from Drude model. The 
offset is well interpreted by electrons in impurity bands with heavier effective masses and THz 
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emissions. The library is then used to calculate complex THz transmission after penetrating 
distinct doping profiles. 
Chapter 6 discusses the multiple degeneracy problem through the numerical simulation 
and utilizes liquid diffusion profiles with kink-and-tail distributions as an example. Suitable 
mathematical models to depict the kink-and-tail feature are also introduced in this chapter. 
Multiple degeneracy represents that several doping profiles own the same THz measurement. 
The modeling result indicates that the theoretical degeneracy does not exist but the measurement 
uncertainty induced practical degeneracy impacts the profile measurement a lot. The existence of 
the practical degeneracy is proven through various SIMS profiles and relative strategies to break 
the practical degeneracy are also proposed. 
Chapter 7 firstly calibrates the empirical refractive index library from Chapter 5 and then 
conceptually demonstrates the performance of doping profile prediction in both non-contact and 
destructive ways. In the destructive measurement, the anodic oxidation process is combined with 
a typical THz-TDS to implement a doping profile construction and displays the discrepancy in 
heavily doped regions to the SIMS profile. Other layer removal techniques with a similar 
performance of thickness control can be considered as alternative options. In the non-contact 
prediction, proper initial guess profiles along with the proposed fitting strategy are combined to 
successfully predict close doping profiles with benchmark to their SIMS measurements. The 
development of advanced fitting algorithms and practical programming are left as future work. 
Chapter 8 summarizes work as well as an outlook for future work.  
Chapter 9 lists all the publications and scheduled submissions.  
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2 BACKGROUND THEORY 
In this chapter, the introduction starts from historical and academic reviews of THz 
techniques, followed by the THz generation and detection through three main techniques. Drude 
and Drude-Smith models are important theories to estimate conductivities in various carrier 
concentrations. Those information is put into the transfer matrix to calculate the optical THz 
transmission and reflection after penetrating through multiple layers. 
2.1 Literature Review of Applications of Terahertz Techniques 
The potential contribution to the terahertz community by the research proposed here is 
best appreciated by considering it in the context of a brief history of terahertz spectroscopy. The 
diagram in Figure 2.1 summarizes the major developments in this field. The experimental 
physics of generating and detecting broadband terahertz pulses has been largely perfected 
starting with the discovery of the Austin switch in 1975 [40] and culminating in new directions 
like air plasma generation [41]. The first THz spectroscopy system was designed in 1985 and 
then applied in various research topics. An understanding of how to use far-infrared pulses to 
probe matter has been developed and reviewed by Schmuttenmaer et al.[42]. In recent years, the 
first commercial THz-TDS with affordable robust implementations was designed by the 
company Z-Omega and brought into the market through continuous technology innovation. 
Clearly the current moment presents a unique opportunity for research that can bridge and 
combine the capability to generate and detect THz developed over decades with the materials 
and spectroscopy know-how resulting from this capability. New opportunities, driven by 
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advances in fiber lasers, are considered for implementation in future manufacturing control and 
metrology. 
 
Figure 2.1 Historical development of terahertz techniques 
Compared to a typical THz-TDS, TRTS is more often employed to study the transient 
carrier dynamic in advanced materials by measuring a signal change in a sub-picosecond level, 
which makes TRTS a powerful technique for the fundamental science research. In 2002, 
Ferguson et al. reviewed how continuous wave (CW) and pulsed THz system being used in the 
material researches such as biomolecule and semiconductor [18]. In the same year, Averitt et al. 
discussed the application on colossal-magnetoresistance manganites and high-temperature 
superconductors and admitted the system capability in the dynamics of quasiparticles at the 
Fermi level [43]. In 2004, Schmuttenmaer et al. reported studies in bulk semiconductors, 
semiconductor heterostructures and superconductors using TRTS as well as the experimental 
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considerations from the system design point of view [42]. In 2007, Masayoshi et al. summarized 
state-of-the art THz sources at that moment and applications in industries and basic science [13]. 
In 2010, Němec et al. reviewed studies in chemical filed, emphasizing polymer-fullerene 
heterojunctions and dye-sensitized nanoparticles [44]. In 2011, similar reviews were updated in 
fields of organic molecules, aqueous solutions, bulk and nanostructure semiconductors, imaging 
techniques, superconductors and correlated electron systems by Baxter, Jepsen, Ulbricht, Basov 
and Adam et al. [14, 45-48]. Recently, a review in solid state system was reported by Lloyd-
Hughes et al. in 2012 [49]. Extensively academic researches in chemical and physical fields 
indicate the popularity of terahertz techniques. However, our research goal aims at the practical 
application with the consideration of future commercialization. Instead of using expansive TRTS 
system, the whole research is initialized on a typical transmission mode THz-TDS system. 
2.2 Generation and Detection of THz Radiation 
To understand the proper option in the future system design, popular THz techniques are 
introduced and compared in this section. Three major techniques are now utilized to generate and 
detect THz radiation. What we use in the research to generate the THz radiation is belong to the 
photoconductive antenna technique. Frequency photo-mixing technique might be the most cost-
effective solution to generate the THz information directly in frequency domain. To acquire a 
broader bandwidth information, Xi-Cheng, Zhang’s group at University of Rochester (UR) 
innovated the air plasma system [41] and has reported the THz bandwidth up to 40 THz.  
2.2.1 Photoconductive Antenna Technique 
The detail schema and operation principles of this technique have been addressed in the 
section 1.3. Although a pulses based laser system makes this technique not the cheapest option to 
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use, an excellent signal-to-noise ratio (SNR) supports its popular usage in academic fields. The 
major disadvantage of this technique is its limited bandwidth. 
2.2.2 Frequency Photo-Mixing Technique 
Different from the photoconductive technique, frequency photo-mixing technique 
overlaps and focuses two lasers with a frequency difference in THz regions onto the 
semiconductor device to generate CW radiation in the frequency domain directly. Free space 
THz photo-mixing was firstly demonstrated by Brown et al. in 1995 with frequencies up to 3.8 
THz [50, 51]. The advantages of this technique are tunable frequency regions from 300 GHz to 3 
THz, 1MHz spectral resolution and cost-effective implementation by fiber lasers. However the 
poor radiation power (~10-8W) limits its application, especially for the system design in a 
transmission mode. 
An example CW-THz spectrometer was mentioned by Hindle et al. in his 2008 paper 
[52]. Two Ti:Sapphire lasers with a THz frequency separation and identical polarisations are 
mixed in free space or fiber optic couplers and focused onto a semiconductor device (Photo-
mixer), which can be the same as the one described in the section 1.3. Therefore, the major 
system difference to a THz-TDS is the laser source. The THz radiation power (𝑃𝑇𝐻𝑧) strongly 
correlates to the incident laser powers 𝑃1 and 𝑃2, the applied voltage 𝑉𝐵𝐼𝐴𝑆, the charge lifetime 𝜏, 








 is typically used to identify the 𝑃𝑇𝐻𝑧. The maximum emission is 
generally limited by the breakdown voltage of the electrode array and the thermal management 
of the substrate. Different from a THz-TDS, a bolometer is set up to detect the power of incident 
THz radiation and the overall bandwidth information is calculated by a Lock-In amplifier and 




Figure 2.2 Schematic diagram of a CW-THz spectrometer [52]. 
2.2.3 Air Plasma Technique 
Air plasma THz technique is another type of photo-mixing technique, which utilizes the 
optical rectification from a pulses based laser system. The existing nonlinear optical rectification 
techniques are improved by exciting ambient air or selected gases with intense femtosecond laser 
beams to generate and detect pulsed THz radiation with a high peak electric field and ultra-broad 
bandwidth up to 30 THz [41]. THz emission in gas plasma, shown in Figure 2.3 (a), can be 
generated through the ponderomotive force from single-wavelength optical excitation [53] or the 
laser mixing of a fundamental bean (𝜔) and a second harmonic beam (2𝜔) [54-57], which are 
well estimated by the full-quantum mechanical model, a bridge between the four-wave-mixing 
(FWM) model and asymmetric transient current (ATC) model [41, 54, 57]. The detection process 
lies in a third-order nonlinear process and was named as THz-air-breakdown coherent detection 
(THz-ABCD) by sensing a second harmonic photon (2𝜔) from two fundamental photons (𝜔) + 
one THz photon (𝐸2𝜔
𝑇𝐻𝑧 ∝ 𝜒(3)𝐸𝜔𝐸𝜔𝐸𝑇𝐻𝑧) [58, 59]. To detect 𝐸2𝜔
𝑇𝐻𝑧, the coherent local oscillator 
𝐸2𝜔
𝐿𝑂 is required by focusing the 𝜔 frequency laser beam intensively to ionize air. The cross term 
𝐸2𝜔
𝑇𝐻𝑧𝐸2𝜔
𝐿𝑂  is measured by a photo-multiplier tube (PMT) to record the amplitude of THz 




Figure 2.3 (a) Schematic illustration of three ways to generate THz radiation in gases. (1) 
Ponderomotive force drives electrons and ions to generate THz radiation in single optical beam 
excitation ( 𝝎  or 𝟐𝝎 ). (2) Two color excitation ( 𝝎  and 𝟐𝝎 ) to generate THz radiation. A 
fundamental beam (𝝎) is focused through a thin beta barium borate (BBO) crystal to generate 
second harmonic (𝟐𝝎). (3) A dichroic mirror (DM) synchronizes fundamental and second harmonic 
beam to generate THz radiation. (b) Schematic diagram of the setup of THz radiation detection. 
The parabolic mirror mixes 𝝎 probe beam and THz radiation in the ionized air to generate 𝟐𝝎 
optical signal, which is detected by a PMT [41]. 
2.3 Physical Theories Utilized in the Research 
The specialty of THz-TDS is the direct measurement of the frequency dependent 
permittivity in a dielectric material as well as a complete description of its interaction with 
electromagnetic spectrum but requires no Kramers-Kronig relations. The square root of the 
permittivity is known as the complex refractive index. Fundamentally, the complex refractive 
index (?̃? = n + iκ = √ϵμ) is the term where the dielectric function (or permittivity, ϵ(ω) =
ϵ1(ω) + iϵ2(ω) ) describes how easily an electric field penetrates the medium and the 
permeability (μ) details the magnetic response. The dielectric function generally contains a 
significant imaginary part ϵ2, which is resulted from the carrier absorption. The corresponding 








conduction and the material properties. The conductivity expression is valid for a 
monochromatic plane wave propagating in the k̂ direction with a time dependent electric field 
E(t) = 𝐸0𝑒
𝑖(𝑘𝑟−𝜔𝑡). Changes from above parameters provide essential information to achieve a 
doping profile measurement. 
2.3.1 Drude Model 
Drude-Lorentz model describes how the complex refractive index changes as the function 
carrier concentrations and was proposed by Paul Drude in 1990 to explain the transport 
properties of electrons in metals [60]. The major assumption of the model is that elastic 
scattering events are formed in a free electron gas with a complete momentum randomization, 
which means electron-hole plasma is treated as a non-interacting gas (energy independent). Any 
long-range interaction between electrons and ions or between the electrons is neglected except 
instantaneous collisions. Both DC and frequency-dependent conductivity are therefore 








                                                       (2.2) 
The Drude response describes that the real component of the conductivity achieves its 
maximum at DC (𝜎0 ) and the maximum of the imaginary component occurs at the radial 
frequency corresponding to the inverse scattering time τ of the carriers (
𝜎0
1−𝑖




 is in the infrared frequency range, which makes the response not to be 
found experimentally. For materials with a much lower frequencies 
1
𝜏
 like certain doped 
semiconductors, frequency-dependent conductivity was found that closely follows the equation 
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2.2. In terms of the scattering times, many modifications can be found in the literatures [61-63] 
under specific material properties. Drude-Lorentz model often fails when the electron scattering 
rate is energy dependent. When ETHz > 4𝑀𝑉m
−1 , the THz pulse may accelerate electrons 
sufficiently to alter their scattering rate, make Drude model no longer sufficient. However, the 
electric field in our system is lower than above value to avoid this insufficiency. 
2.3.2 Drude-Smith Model 
There are circumstances when adding additional scattering mechanisms to the Drude 
model is not enough to describe the frequency dependent conductivity, especially the 
displacement under ETHz becomes comparable to the dimension L of thin film or nanostructure 
materials. Under this circumstance the conductive response of the medium will differ 
significantly from that of the bulk material. For the silicon case (m*=0.28me, υ~2 × 105ms−1, 
and τ~100fs), the estimated L is < 20 nm. Hence N.V. Smith proposed a classical modification to 
the Drude model that allows for significant deviation from the general Drude features [64, 65]. 
The model considers the inelastic scattering of the carriers by introducing a memory parameter c, 
which describes the fraction of the carrier’s initial momentum preserved after a scattering event. 
The frequency dependent conductivity is then illustrated in equation 2.3 by adding a square 
brackets term that accounts for the fraction of the carrier’s initial velocity retained after 








𝑛=1 ]                                            (2.3) 
If the carrier’s momentum is randomized, c𝑛 = 0, resulting to the typical Drude-model. 
When c = −1, the real part of the conductivity is 0 at DC and the imaginary part of the 
conductivity is negative at low frequencies. Then the conductivity is dominated by 
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backscattering. In N.V. Smith’s past work, only the first term in the summation is retained. The 
assumption behind is that the carrier retains part of its initial momentum during the first 
scattering event, but the velocity is randomized in subsequent scattering events. This modified 
model is typically used in nanomaterials but our research since the Si substrate wafer we used 
behaves as a buk material.  
2.3.3 Transfer Matrix Method at Incident Angle 
Transfer matrix is typically used to describe the transmission and reflection behavior of 
light in multi-layer films as a function of complex refractive index. The transmitted and reflected 
wave vector and electric field of an incident light on a single dielectric layer is described in 
Figure 2.4 as a simplified example. 𝐸0 is the electric vector of the incident beam (THz radiation), 
𝐸0
′  is the reflection beam and 𝐸𝑇is the transmission beam (measured THz). The transfer matrix 
indicates that the overall transmission (reflection) is the sum of an infinite number of 
transmissions (reflections), which are described by the Fresnel equations. Therefore a system 
matrix 𝑀 , given by equation 2.4, is used to describe the whole transmission and reflection 
coefficients after penetrating a stack of layers 𝐿1 … 𝐿𝑛. While taking certain titled angles into the 
consideration during the measurement, the effect is performed in cosine and sine terms to make 
the equation more complicated. 









]  𝑤ℎ𝑒𝑟𝑒 𝑀 = 𝑀1𝑀2 … 𝑀𝑛        (2.4) 
In equation 2.4, k (
𝑛1𝜔
𝑐
) is the wave number, 𝐿 is the total layer thickness and 𝑛1 is the 
refractive index of the medium. During the equation derivation, the electric and magnetic fields 
are considered to be continuous at each interface. The complex transmission 
𝐸𝑇
𝐸0






 (r) is then abbreviated as a matrix form in equation 2.5 and their solutions (equation 2.6) are 
utilized in our modeling process. 
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                           (2.6) 
 
Figure 2.4 The schematic of the transmission and reflection of light in a single dielectric layer. This 
example is used to conjecture the situation in a multiple layers structure. 
2.4 Concept of Doping Profile Prediction using THz-TDS 
Predicting a doping profile relies on the interaction of THz radiation from additionally 
inserted free carriers. THz transmission, absorption and reflectance are all beneficial information 
but we initialized the research by using just a transmission mode THz-TDS. Three distinct 
features (see Figure 2.5), including a measured SIMS profile, a theoretical perfect “step” profile 
and a linear profile, are given as an idea to theoretically forecast the performance of the profile 
prediction, covering the frequency range up to 5 THz. Exactly the same dopant atoms (the same 
profile area) is set up in these three profiles to purely study the effect from the profile shape. 






transmission, absorption and reflectance. Therefore, different profiles are expected to unlikely 
have exactly the same THz information. The doping profile prediction is basically solving an 
inverse problem by matching abundant THz information in the frequency domain. The inverse 
problem of correlating the measured THz requires a ‘library’ of the frequency dependent 
complex refractive index and is in general mathematically over-determined by solving one 
dimensional profile through multiple dimensional information from measured THz information. 
Naturally the bandwidth and frequency resolution from THz measurements determine and place 
limits on the spatial resolution of the doping profile. 
 
Figure 2.5 (a-b): plots of three doping profiles (the same profiles shown on a linear (a) and a log (b) 
scale. The “SIMS” profile is an actual typical “kink and tail” profile (measured with SIMS). The 
other two profiles are theoretical profiles with the exact same amount of P dopant (as in the SIMS 
sample) distributed as a line or a step respectively. (c) to (f): The simulated transmission (c), phase 
delay (d, f) and reflectance (e) terahertz spectra of these profiles. 
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3 SILICON THICKNESS MEASUREMENT WITH THZ-
TDS: RESOLUTION AND IMPLICATIONS 
When receiving silicon wafers from a supplier, people generally trust the thickness value 
marked on the label. The crystal structure usually dominates the overall performance in most 
semiconductor devices and most research topics don’t care about the bulk wafer thickness that 
much. Since we are utilizing a transmission mode THz-TDS, the situation is therefore opposite. 
To guarantee an accurate profile predictiont, understanding how the change of thickness in 
silicon impacts the THz radiation is critical, especially in a lightly doped level with a negligible 
dispersion. For our research purpose, we researched resolutions of all possible indices from a 
THz-TDS measurement under a ~1015cm-3 doped silicon wafer. Many literatures have discussed 
a similar work from different angles but none of them did the same systematic and practical 
study like us. The potential application from this topic is an in-situ bulk thickness determination 
using a typical THz-TDS and the same analytical procedure can be applied to various materials. 
Below content has been published by “Journal of Infrared, Millimeter, and Terahertz Waves” in 
2014. 
3.1 Introduction 
THz-TDS provides a direct measurement of the far-infrared complex refractive index of 
materials. Whenever THz-TDS data is analyzed or “worked up” to extract the refractive index of 
the sample the sample thickness needs to be supplied by the spectroscopists [66-70]. The 
thickness therefore needs to be known a priori or measured by different means. The optimal 
methodology for extracting material parameters (the complex refractive index) from raw 
terahertz (THz-TDS) data has by necessity been a central topic in the THz-TDS literature 
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receiving treatment from many prominent researchers. This study is a complement and 
refinement of the widely used and cited work of Duvillaret and Coutaz discussed below [66, 71-
73]. Following Duvillaret and Coutaz’s approach published around 2000 several other terahertz 
researchers contributed perspectives and results on the role of sample thickness in THz-TDS, 
among them Mittleman [69], Koch [68], Naftaly [74], Withayachumnankul and co-workers [75, 
76] and Grischowsky [77, 78]. In all these works the primary focus is on improving the accuracy 
of complex refractive index measurements with the THz-TDS technique. All these authors 
identify sample thickness as a critical factor towards this end. Occasionally it has been proposed 
that THz-TDS also can be used as a metrology tool for measuring sample thickness itself [17, 66, 
68-70, 79].  
In this chapter we will: 
1) Systematically describe five approaches by which THz-TDS can be used to measure 
film or sample thickness. 
2) Develop a basic optical model for every approach and evaluate the accuracy of these 
models when applied to the case of lightly doped silicon wafers. 
3) Measure and compare the resolution of all approaches treated. 
Of wider use than the direct question of how accurate THz-TDS can be as a tool for 
measuring film or sample thickness is the related inverse question: If the value for sample 
thickness used in a given data workup algorithm is assumed to be L', and the actual sample 
thickness is L, with ∆L=L-L'≠0, then how large will the resulting error in the extracted 
refractive index be? One can calculate the answer to this question for any given material at any 
given frequency if one also knows what the measured THz amplitude and phase would be if the 
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THz-TDS pulse indeed was transmitted through a hypothetical sample with thickness L'. This 
chapter quantitatively studies the variation of the transmitted THz amplitude and phase as a 
function of small changes in sample thickness specifically for the case of lightly doped silicon. 
This chapter therefore provides information that can be used to generate quantitative estimates of 
the uncertainty in the extracted refractive index ?̃?(ω)  for a given a certain uncertainty in 
substrate thickness ∆L in the case of undoped silicon substrates. For other substrates and 
materials the results can be scaled by the relative refractive index to obtain an estimate of the 
expected error.  
To get a sense of the uncertainty in sample thickness in common terahertz measurements 
consider for instance the case of silicon wafers, used widely in the semiconductor and 
photovoltaic industries. For commercial silicon wafers the uncertainty in the thickness of 
nominally 500 µm wafers typically is well in excess of several 100 nm (unpolished surface 
roughness and flatness over beam spot size) and can be up to 50 µm (common commercial ‘spec’ 
for ‘standard’ wafers). The situation (typical level of uncertainty) is not much different for many 
other common terahertz substrates like glass cover slips or quartz slides. 
In a widely cited series of treatments Duvillaret, Garet, and Coutaz concluded that sample 
thickness is frequently the “main source of error in terahertz time-domain spectroscopy” [66, 71, 
72]. This is also the conclusion of others [69, 70, 76]. Duvillaret et al. proposed strategies for 
reducing this error and found that by the indirect means of minimizing spurious oscillations in 
the calculated refractive index ?̃?(ω) they could infer the absolute thickness of nominally 1000 
µm wafers to within ± 3 µm [66] which is similar to an approximately 1 µm resolution reported 
by Ralph et al. [77] using the same method. As will be shown below we found that one can 
achieve about one order of magnitude better resolution by using optimal strategies designed with 
29 
 
only one goal, namely determining the sample thickness as accurately as possible. The refractive 
index then can be extracted in a second step using the accurate L value obtained in the first step. 
This is different both in details and strategy from the method of Duvillaret et al. and others [66, 
69] which aim to simultaneously calculate the optical constants (and smooth out spurious 
oscillations from of the optical parameters, n(ω) and α(ω)) and determine the exact value of L. 
3.2 Design and Fabrication 
3.2.1 Terahertz System Setup 
The THz-TDS system used in this work has a conventional configuration as shown in 
Figure 3.1 and described elsewhere [80-82]. In brief, free space broadband terahertz pulses are 
generated and detected using photo-conductive antennas (PCA’s). To aid the reader in translating 
our sensitivity results to any given system of interest we will briefly provide information on the 
most relevant features and characterization of our system. A Ti:Sapphire laser (Coherent Mira) 
with pulse width 150 fs – 200 fs, 80 MHz rep rate and average power ~ 1.3 W was used to gate 
two identical PCA’s to generate and detect terahertz pulses. The PCA’s consisted of an array of 
78 interdigitated Au stripline antennae of semi-insulating GaAs (BATOP iPCA-21-05-1000-800-
h). The signal from the detector was amplified directly with a Lockin amplifier (SRS 830) 
without pre-amplification. Figure 3.1 reminds us the detail depiction in section 1.3 and Figure 




Figure 3.1 Experimental setup of the lab transmission-type THz-TDS 
30 
 
The dynamic range (DR) and signal to noise (SNR) of our system at the time of the 
measurements reported here were determined as described in Naftaly 2013 [83]. The relevant 
definitions are: 
SNR = 
mean magnitude of amplitude
standard deviation of amplitude
 
DR = 
maximum magnitude of amplitude
RMS of noise floor
 
Meaningful comparison of SNR and DR statistics require knowledge of the number of 
scans averaged. The mean and standard deviation in the SNR formula for the values reported in 
Table 3.1 were calculated from 8 runs. Each of the 8 runs itself was the running average of data 
collected over 10 minutes (10 scans at a scan rate of 1 min/scans). Throughout this paper 
whenever the accuracy or resolution of a measurement is reported a ‘measurement’ refers to 1 
run as defined in the previous sentence on the spectrometer described in this section. 
 
1) Table 3.1 SNR/DR Result of the lab THz-TDS system. 
3.2.2 Silicon Sample Preparation  
To determine the resolution of and compare the five different approaches for measuring 
wafer thickness using THz-TDS a set of wafers was fabricated with thickness 𝐿=𝐿0−𝛿 with 𝛿 
ranging from 0.33 μm on the low end to 14 μm on the high end and the manufacturers nominal 
value for 𝐿0 being 500 μm. The samples were fabricated using the following procedure: A silicon 












wafer (CZ, 475-575 μm, p-type, (100), 10-25 Ω-cm) was diced and samples were dry etched with 
SF6 plasma in a LAM490 plasma etch system for different time periods and under different gas 
flow conditions as shown in Figure 3.2. The amount of silicon etched away was measured with a 
Tencor P2 profilometer. It was confirmed with an ECV analysis that the doping concentration in 
the wafers used was approximately 1.6×1014 cm-3 and uniform. 
 
Figure 3.2 The amount of silicon etched away as a function of time 
3.3 Results and Discussion 
THz-TDS measurements are done by mapping out the waveform (electric field vs. time) 
of terahertz pulses as shown in Figure 3.3 with a spectrometer as shown in Figure 3.1. The 
frequency spectra (amplitude vs. frequency and phase vs. frequency) are then obtained by doing 
a Fourier transform of the time domain data. All THz-TDS based approaches for measuring the 
thickness of samples, wafers and thin films can be divided into time domain (using the directly 
measured data or “time domain pulses” as in Figure. 3.3) or frequency domain methods (using 
the data after a discrete Fourier transform (DFT)). 
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In the time domain one can use either the transmitted THz peak position (pulse time 
delay by sample) or THz peak intensities (absorption by sample) to infer sample thickness. Time 
delay (peak position) is the most direct and perhaps most widely cited approach for inferring 
thickness in the literature. We will show that peak amplitude is the least sensitive and most 
problematic of all the approaches considered here. A hybrid approach in which the THz 
waveform is sampled only at one fixed point in time is sometimes used, primarily because of its 
speed. We will show here that this approach can at best have the same resolution as the time 
delay approach but will in practice also be plagued by the problems of the amplitude approach. 
 
Figure 3.3 Terahertz pulses transmitted through dry air (no sample), a 200 µm Si wafer and a 500 
µm Si wafer. The pulse attenuation does not scale with thickness at all since the thinner sample is 
more highly doped (boron, 1016 cm-3 vs. 1015 cm-3). The relative time delay nonetheless roughly 
scales with sample thickness. (In Si n is much less sensitive to doping than κ). 
By taking a Fourier transform of any time domain pulse, like those shown in Figure 3.3, 
the power spectrum of the pulse can be calculated. Shown on the inset in Figure 3.4 is a plot of 
the power transmission ratio of a wafer (the power spectrum of a terahertz pulse propagated 
through a silicon wafer divided by the power spectrum of an identical pulse when there is no 































sample). We will see that there are two approaches in the frequency domain that can be used to 
measure the thickness of silicon wafers. Both these approaches have higher resolution than any 
of the time domain methods considered. 
 
Figure 3.4 The power transmission ratio in the frequency domain under different etched amount of 
silicon. Thinner thicknesses move resonant peaks to the right side. 
3.3.1 Time Domain Method – Peak Amplitude Change 
The amplitude of a terahertz pulse will in general decrease as the pulse propagate through a 
medium due to dispersion and absorption. Hence, one can in principle infer the thickness of a sample by 
first transmitting a terahertz pulse through the sample to be measured and then transmitting an identical 
terahertz pulse through a sample with identical composition and with precisely known (or “reference”) 
thickness. These measurements of sample and reference can either be done in back-to-back scans or 
sometimes is done by mechanically switching between inserting the sample and reference in the THz 
beam path at a fixed frequency (typically several Hz) and directly detecting the difference with a Lock-in 
amplifier [84, 85]. As can be seen in Figure 3.3 the THz pulse amplitude is both a function of sample’s 
thickness and the sample’s absorption coefficient. As a practical matter the variation in amplitude 




























encountered from sample to sample frequently is a stronger function of variation in factors that determine 
intrinsic absorption (like impurity concentrations) than it is primarily or just a function of variation in 
sample to sample thickness. Nonetheless, if the target application involves samples of sufficiently uniform 
composition (more precisely sufficiently uniform absorption in the THz region) then one can in principle 
determine the precise thickness of the sample by measuring the attenuation of the THz peak amplitude. 
Since high resistivity silicon has a surprisingly flat (wavelength independent) refractive index 
over the region of the terahertz spectrum used here (0.1 – 2 THz) [49, 86] we can neglect dispersion when 
calculating an order of magnitude estimate of the predicted resolution of this approach applied to our test 









                               (3.1) 
where  is the imaginary refractive index and  the absorption coefficient. 
With these assumptions it is straightforward to derive the following relationship between Es (the 
THz electric field amplitude transmitted through an etched sample), Er (the THz electric field amplitude 





                                                                  (3.2) 
By repeatedly measuring Es and Er for the reference sample we found that the standard 
deviation for a typical measurement of the ratio Es/Er on our system is 0.009. Substituting this 
uncertainty into equation (3.2) and using a value of 7.5 cm-1 for  (measured at 1 THz for the 9  
Ωcm p-type silicon used here) we estimate a theoretically predicted resolution of ~24 μm for 
determining the thickness of lightly doped Si wafers by back-to-back peak amplitude 
measurements on a THz-TDS system with comparable SNR to ours. The amplitude ratio Es/Er 
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was measured for every one of the set of etched wafers described in section 3.2. The results are 
shown in Figure 3.5.  
 
Figure 3.5 The measured THz amplitude ratio as a function of etched silicon thickness. The red line 
shows the trend the measurements should follow according to equation 3.2. Clearly the amplitude 
technique does not have the resolution necessary to measure the thickness differences of this set of 
wafers. 
We conclude that no reliable measurement of the thickness of any wafer in our test set 
can be made by this method and in our measurements this method indeed has, consistent with the 
theoretical estimate, a resolution no better than 20 m (for determining the exact wafer thickness 
of ~ 500 m lightly doped Si or the thickness of comparable materials on comparable systems). 
Conversely, if the time domain peak amplitude is the THz-TDS index used in THz based 
measurement then this quantity is not sensitive to uncertainty or variation in wafer thickness up 
to at least 14 μm. 
3.3.2 Time Domain Method – Peak Position Shift 
The time delay of a pulse propagating through a sample can be determined directly from THz-
TDS as shown in Figure 3.3. This approach, inferring sample thickness from pulse delay, is perhaps the 
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most direct and frequently suggested THz-TDS based approach for thickness measurement in the 
literature. It was first suggested by Mittleman et al. [87, 88] that the time delay in the arrival of terahertz 
pulses reflected from different interfaces can be used as a means to do 3D tomography. Subsequently this 
concept has been used to develop metrology that can detect paint thickness [89], coating thickness of 
tablets and capsules [90-94], silicon wafer thickness [95] and is also the basis for detecting hidden or 
buried layers in paintings (artwork) [96] Recently Hussain et al. [70, 97] introduced a modification of this 
approach where they measured the change and peak delay between when the sample is at normal 
incidence and tilted by 45.  
We will not consider in this study the case where the total thickness of the sample is so 
thin that it approaches the spectrometer detection threshold or SNR limit; for low absorbing 
samples this is typically ~10 µm [78, 98]. Instead our focus is on the absolute resolution with 
which one can measure the exact thickness of thicker samples. However we mention that Theuer 
et al. [78, 98] recently proposed a waveguide based approach that uses pulse delay of a terahertz 
pulse propagating through a waveguide coated with the sample that have a demonstrated 
detection threshold of 2.5 µm (Mylar films) and predicted submicron capability. It can be seen in 
Figure 3.3 (see also [66, 69]) that in every sample scan there is a primary pulse followed by a 
second pulse and potentially a third and fourth etc. The primary pulse is from THz light that 
propagated once through the sample (path length L), the second pulse is once internally reflected 
(path length 3L), the third pulse is twice internally reflected (path length 5L) etc. In principle one 
can use the delay of any of these pulses to determine the sample thickness. The internally 
reflected pulses experience more delay, which would increase the theoretical resolution 
obtainable by them (see equation 3.3). However there is a trade-off given the fact that every 
successive pulse is smaller and significantly more attenuated (due to losses at each reflection and 
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sample dispersion & absorption) than the previous pulse. A smaller pulse amplitude translates 
into more uncertainty in peak position, until the n’th pulse eventually becomes undetectably 
small (with n depending on system DR, sample reflectivity, dispersion and absorption). Here we 
will calculate and compare the theoretical and experimentally obtained resolution when using 
either the 1st or the 2nd pulse. 
It is straightforward to derive equation 3.3 when neglecting dispersion. The primary pulse 
transmitted through a sample with extra thickness δ will experience extra delay ∆t given by: 
𝛿 =  
𝑐∆𝑡
𝑛−1
                                                    (3.3) 
and for the k’th pulse the left hand side of equation 3.3 needs to be replaced by (2k − 1)δ. 
The standard deviation for a typical measurement of the primary peak position for ~500 
m lightly doped Si wafers on our system is 0.0213 ps and for the once internally reflected peak 
is 0.0772 ps. Substituting these values into the appropriate versions of equation 3.3 and using a 
value of 3.42 for n (measured at 1 THz) we estimate theoretically predicted resolutions of 2.6 μm 
(1st  peak) and 2.9 μm (2nd  peak) for determining the thickness of lightly doped Si wafers by 
peak position measurements on a THz-TDS system with comparable SNR and DR to ours. The 
measured THz pulse peak delay for all samples in our test set is shown in Figure 3.6. The 
experimentally observed resolutions are remarkably consistent with the simple theoretical 
estimates. Using the primary peak resulted in wafer thickness measurement accurate to within 
0.43% ( 2.25 m for a 510 m wafer). Measurements using the second peak had almost exactly 




Figure 3.6 (a) The measured main THz peak delay relative to a scan with no wafer (in picoseconds), 
as a function of etched silicon thickness. (b) The 2nd THz pulse peak location shift in time domain 
as a function of etched silicon thickness. The red lines are the theoretical approximations to the 
relationship between sample thickness and peak position calculated using equation 3.3 with L0 = 
510 m and n = 3.42 in both a & b. 
We conclude that the most widely used approach for determining thickness in THz-TDS, 
namely tracking peak delay, can be used to measure the thickness of ~ 500 m lightly doped Si 
wafers to within  2.25 m. (This value is comparable to the reported resolution of this approach 
for paint thickness measurement of  4 m [89]. Resolution for pharmaceutical tablet coatings is 
harder to determine due to the local variation in the effective coating refractive index and 
complexity of the tablet shape but tend to be roughly in the 10 m or greater range. Hussain et 
al. [70, 97] also estimate the resolution of their approach as being roughly, or at least, 10 m 
based on comparison with simple micrometer measurements that themselves have only about 10 
m accuracy.) Conversely, any random variation or uncertainty in wafer thickness greater or 
equal to 1 to 2 m will introduce a measurable deviation in THz peak position and any THz 
metrology or derived quantities that depend on the accuracy of peak position would incur a 
corresponding bias or error. 
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3.3.3 Time Domain Method – Hybrid Analysis 
We showed in section 3.3.1 that merely tracking the attenuation of the THz peak 
amplitude has very poor resolution. However, an approach used sometimes (e.g. [99]) because of 
its measurement speed is to combine the attenuation approach of 3.3.1 and the peak shift 
approach of 3.3.2 into a single methodology illustrated in Figure 3.7. As can be seen in Figure 
3.7, and also inferred from our analysis in sections 3.3.1 and 3.3.2, the change in time delay 
(shift of the peaks) with thickness is much larger than the change in peak amplitude (this will in 
general be true for any material that does not highly absorb THz, that is most materials on which 
transmission THz-TDS is a useful technique). Hence, we see that for any material with moderate 
to low THz absorption this method is essentially still a measurement of the phase shift. However, 
instead of measuring the peak position exactly (by mapping out the whole terahertz pulse in time 
and then determining where the exact peak position is) this approach only samples a single fixed 
point in time as is illustrated in Figure 3.7. (Typically the sampling point is chosen as the peak 
position of a reference sample with either exactly known thickness or a desired thickness albeit 
unknown). When the reference sample is replaced with a sample with a different thickness the 
peak arrival time will shift, and hence the amplitude at the sampling time will change. The main 
advantage of this approach is that sampling just a single point in the time domain is much faster 
than mapping out (scanning across) the whole time domain pulse. For industrial metrology speed 
of acquisition is often a very important consideration. The main disadvantage of this approach is 
clearly illustrated in Figure 3.3, that is the amplitude is much more sensitive to sample 
absorption (and hence impurities or compositional variation) than to thickness. Since the hybrid 
approach measures both delay and amplitude changes with no way of decoupling these it will 
always be susceptible to inaccuracy in thickness determination whenever there variation in purity 




Figure 3.7 A closer look at the transmitted THz pulse peaks for a reference wafer scan and a scan 
of a slightly thinned wafer. In the hybrid method the signal is sampled at a fixed the sampling time 
(the blue line which is here chosen as the peak of the reference pulse.) Note that the leftward peak 
shift (earlier arrival time) of the slightly thinned sample results in a reduced signal at the sampling 
time. The hybrid method attempts to deduce sample thickness from the reduction in signal at the 
sampling time alone (i.e. the rest of the pulse waveform is not measured). Note that a sample 
thicker than the reference would result in a rightward shift and also a reduction in signal at the 
sampling time. Hence, in practical applications one needs to use a reference sample that is a priori 
known to be either thicker or thinner than all the samples to be measured or the sampling time 
should be offset from the reference peak. 
The THz peak shift has been introduced in section 3.3.2 and the THz amplitude change 
for small shifts can be approximated by fitting any suitable function to the peak (in here we use a 
Gaussian fit). With these assumptions the change in THz amplitude at the sampling time (E) is 
related to the difference between sample and reference thickness () by:  





)                                               (3.4) 
where A and  is the Gaussian fit parameters. (A will be the reference peak amplitude and 
 is related to full width at half maximum (FWHM) of the peak). 































As can be seen in Figure 3.8 for all samples thinned by less than 14 m the measurement 
standard deviation is such that for some measurements the quantity ∆𝐸 = 𝐸𝑟𝑒𝑓 − 𝐸𝑠𝑎𝑚  is 
measured to be less than zero in violation of equation 3.4 – this means a failure of the 
measurement and that the etched amount is less than the resolution of the measurement approach. 
(The noise in the amplitude is larger than change in the amplitude due to the peak shift due to the 
thickness change.) By looking at the recorded peak shapes in Figure 3.7 one can see why the 
hybrid approach does not scale linearly with thickness. For small thickness differences/peak 
shifts the peak profile is relatively flat and hence the method is relatively insensitive. For 
somewhat larger differences the technique becomes relatively more sensitive. For our test set 
only the 14 m etched sample falls in the range where we never obtain measurements that ‘fail’ 
(i.e. ∆𝐸 > 0 for all measurements). 
 
Figure 3.8 The THz electric field of a pulse transmitted through the reference wafer minus the THz 
electric field of a pulse transmitted through the sample (etched wafers) with both fields measured at 
a fixed sampling time (the sampling time was chosen to be the reference sample peak position). The 
reference sample is the unetched Si wafer and the samples are thinned by the number micrometers 
indicated on the x-axis. The parameters used in the theoretical prediction of what a perfectly noise 
free measurement should look, like according to equation 3.4, is 𝛃 = 5.51024 and A = 1.303 mV and 
n = 3.42. 




























Hence we conclude that it is impossible to reliably distinguish thickness differences when 
the difference between the sample and the ~ 500 m reference is smaller than ~ 10 m. An 
accuracy/resolution of  3.5 m was estimated when measuring the thickness of wafers that 
differ by at least 10 m from the reference. (This reported resolution is only valid close to our 
case where the thickness difference was 14 m. Because of the built-in non-linearity of equation 
3.4 the resolution of this approach will vary significantly as , that is the relative sample to 
reference thickness, vary.) The hybrid approach has relatively low resolution for thickness 
measurement and is very susceptible to significant inaccuracy given any variation in sample 
composition. We therefore only recommend this approach for crude measurements where 
measurement speed is of primary importance. 
3.3.4 Frequency Domain Method – Fabry-Pérot Cavity Resonances 
It is clear from the inset in Figure 3.4 that the ~ 500 m wafer act as a Fabry-Pérot cavity 
for THz light ( ~ 150 m to 1.6 mm) [68, 69, 79]. We will see below that the resonant peaks of 
this cavity can be used as a very sensitive gauge of the cavity length (sample thickness). 
Realizing this Withayachumnankul et al. [100] suggested using sample Fabry-Pérot fringes to 
determine sample thickness and noted that the accuracy of the method “needs further study”, 
which is in part what we will do below. In two more recent reports Naftaly et al. [74, 83] show 
that given a high resistivity Si wafer or high quality GaAs wafer with “exactly” known thickness 
one can use a comparison of the measured Fabry-Pérot resonant peak frequencies of this sample 
with the theoretically predicted frequencies (using equation 3.5 below) to verify the ‘frequency 
calibration’ or accuracy of the spectrometer used. This is an alternative to a more standard 
approach like comparing the absorption frequencies of a gas (like CO) measured with a given 
spectrometer to their known positions [74]. Naftaly et al. [74, 83] shows that the conventional 
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gas absorption line approach and their novel wafer resonance based approach provide 
approximately equally accurate standards for frequency calibration. Simply put, Nafatly’s work 
show that given an ideal homogenous calibration wafer with exactly known thickness and (non-
dispersive) refractive index one can predict the exact frequencies of the Fabry-Pérot resonances: 
The approach we present in this section is closely related to that of Naftaly since it simply asks 
the inverse question: With what resolution can the sample thickness of an unknown sample be 
inferred given a typical THz-TDS spectrometer measurement of the Fabry-Pérot peak positions? 
We show below how the practically achievable resolution of this technique can be improved by 
introducing an optimal method for combining the measurements of all the etalon peaks in the 
spectrometer bandwidth and correlating this data to sample thickness. 
It can be seen in the inset in Figure 3.4 that we have (for lightly doped ~ 500 m) 14 resonant 
peaks that fall in the frequency range 0.3 – 1.5 THz. If, as before, we neglect dispersion (assume n 




,   for   𝑗 = 1,2,3 …                                 (3.5) 
This formula accurately predicts all the peak positions in wafer power ratios like those in Figure 
3.4. The equation also predicts that the first 3 resonant peaks for lightly doped ~ 500 m wafers as used 
here will be below 0.3 THz and hence are to the left of the spectrum seen in Figure 3.4. Peaks 4 to 17 fall 
within our spectral range. From (3.5) if follows that if the wafer thickness is changed by a distance  then 






















2 δ                                    (3.6) 
One can also calculate that the change in spacing in between adjacent resonant peaks with a 
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2 δ                                 (3.7) 
Note that equation 3.6 (peak position) depends on the resonant peak number k so that higher 
frequency peaks shift more than lower frequency peaks with a change in thickness. This means that when 
using the absolute position of resonant peaks to infer thickness higher frequencies should give higher 
resolution. However, the spacing between peaks is independent of j. Hence if one uses equation 3.7 to 
infer thickness lower frequencies are in principle equally sensitive than higher frequencies. One can base a 
metrology for wafer thickness measurement either on equation 3.6 (absolute Fabry-Pérot peak position) or 
3.7 (spacing between Fabry-Pérot peaks). In theory using “absolute Fabry-Pérot peak position” should do 
better at higher frequencies and using the “spacing between Fabry-Pérot peaks” should do better at low 
frequencies. We have tried both approaches here and found the Fabry-Pérot peak position (eqn. 3.6) to 
give uniformly superior results in our experiments and will only discuss this case in more detail here. 
Instead of just looking at any one of the 14 peaks in our spectral range we will present here an approach 
that incorporate data from all 14. This approach resulted in the highest resolution method for measuring 
wafer thickness presented in this section. 
The standard deviation in the measurement of a Fabry-Pérot peak position during a run (see 
section 3.2) was determined and used for ∆𝜈𝑗 in equation 3.6 to estimate that the theoretically predicted 
resolution on our system for determining wafer thickness by this approach will be between 200 nm to 960 
nm. (We only used peaks in the window from 0.3 to 1,5 THz where our SNR is maximum – note that 
both the DR and SNR of THz-TDS measurements are very frequency dependent [101].) What specific 
resolution within this range a particular measurement will have depends on the value for j that is used, i.e. 
the higher the frequency of the etalon peak used the higher the theoretical resolution of the method will be. 
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Naturally THz-TDS systems that use ultra-short pulses and hence have bandwidth up to 5 THz can have a 
maximum theoretical resolution in the ~ 50 nm range provided n remains frequency independent for  > 2 
THz, which is the case up to about 4.5 THz provided the resistivity of the silicon is very high (~ 1 k or 
larger) [102]. For wafers with more typical lower resistivity’s sub 100 nm resolution will require the 
development of an implementation of this approach that takes the variation of n with frequency into 
account. 
The peak shifts for all 14 resonant peaks in our high SNR range was measured for all 6 etched 
samples (peak shifts is given relative to the un-ethced sample) and is shown in Figure 3.9 (a). Although 
one can base a thickness metrology on any one of the peak shifts ( at a fixed j value) we obtained our 
best results by taking them all into account. We found the most precise approach to be to fit a best fit line 
to all the peak shifts of a given sample. (Note, the lines in Figure 3.9 (a) are not empirical best fit lines but 
are the theoretically predicted outcome according to equation 3.6) Figure 3.9 (b) shows a plot of the slopes 
of empirical best fit lines to the data of every sample in Figure 3.9 (a) plotted versus the etched amount of 
that sample. The red line shows the expected shape of this line according to equation 3.6.  
In summary, the absolute (or relative) thickness of silicon wafers can be measured with 
the following methodology: 
1) Measure all the Fabry-Pérot peak positions of a reference wafer with known (or 
desired thickness) within the high SNR bandwidth range of the spectrometer. 
2) Measure all the Fabry-Pérot peak positions of the sample. 
3) Calculate the frequency shift of all peaks. 
4) Fit a best fit line to a plot of the peak shifts for a given sample vs. the peak numbers. 
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5) Read the wafer thickness from a calibration curve (like Figure 3.9 (b)) that relates the 
slope (∆𝜐𝑗 ⁄𝑗) of the plot in step 4 to the relative difference in thickness (δ). 
For our calibration curve we used the theoretical equation 3.6 (red line in Figure 3.9 (b)) 
and obtained average resolution on a typical run of 0.26 m or an accuracy 0.05 % for 
determining the exact wafer thickness of ~ 500 m wafers. These results are close to the limits of 
the flatness and roughness of our wafers and the resolution of the profilometer (variation ~ 100 
to 200 nm within the THz spot size). In principle one could probably do even better by 
generating and using an empirical calibration curve in step 5 provided one has a set of highly 
polished wafers with precisely known thicknesses. 
Since the Fabry-Pérot peak position is not just inversely proportional to the thickness L 
but also inversely proportional to the refractive index n (see equation 3.5) any sample to sample 
variance in n, or lack of a precise knowledge of the sample n, would introduce additional 
variance and uncertainty into this method for thickness determination and thus reduce its 
reliability and resolution. Equation 3.6 show that small deviation in thickness δ between a 
reference wafer and a sample wafer can be detected accurately even if the value of n is not 
known accurately as long as n do not vary from sample to sample. Note that equation 3.6 (and 
3.7) show that the thinner the sample the more sensitive the method of section 3.3.4 will be. I.e. 
the shift in peak frequency that result from a given change, or deviation, in sample thickness is 
proportional to 1/𝑛𝐿0
2 . (This increased sensitivity is slightly counter-acted when using the 
approach proposed here that utilizes all the etalon peaks by the fact that thinner samples will 
have a smaller number of Fabry-Pérot peaks within the spectrometer bandwidth – i.e. thinner 
samples haves fewer peaks with wider peak to peak spacing.) This trend of more sensitivity with 
decreased sample thickness naturally cannot hold indefinitely. For any given material n and 
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available THz bandwidth there will be a sample thickness below which there will be no etalon 
peaks within the measurable terahertz range. In addition to this limit Withayachumnankul et al. 
[103] recently showed that there is a definite lower limit below which THz-TDS cannot reliably 
detect even the presence of very thin samples and that this critical minimum thickness can be 
different for phase and amplitude. For amplitude detection (Fabry-Pérot fringes is a feature 
within the amplitude spectrum) in undoped silicon this critical minimum thickness is found to be 
> 2 µm. Therefore, for any given material there exists a minimum absolute thickness below 
which the method of this section cannot be applied. This minimum thickness is typically much 
larger (~10 µm) than the resolution with which thickness can be determined. 
In conclusion, any silicon wafer presents a natural Fabry-Pérot cavity for THz light (with 
one or more peaks within a 2 THz window thickness for any wafer > 24 µm). The position of the 
etalon peaks can be used as a very accurate gauge of sample thickness. An optimal method for 
extracting thickness by measuring the shift in etalon resonances was demonstrated that can have 
up to ~ 100 nm resolution or better (depending on the spectrometer SNR and bandwidth). 
Conversely, any terahertz measurement of a quantity (for example 𝑛(𝜔) or 𝜎(𝜔)) that uses the 
frequency domain data will be susceptible to error or variation in wafer thickness. The results 
and framework presented here can be used quantify how sensitive a given measurement is to 




Figure 3.9 (a) The measured resonant frequency shift for every one of the resonant peaks in the 
window from 0.3 to 1.5 THz (labeled k = 4, 5,,17). All peaks were measured for all wafers. The 
legend shows the amount of silicon etched () for a given wafer. The lines is plots of equation 3.6 
using L0 = 518 μm and n = 3.42 for all wafers and for  the profilometer measured quantity as 
shown in the legend. (b) The slope of best fit lines to the data in 3.9a plotted against the amount of 
silicon etched. The red line is the theoretically predicted variation of this quantity as predicted by 
equation 3.7 with L0 = 518 μm and n = 3.42. 
3.3.5 Frequency Domain Method – Phase Angle Shift 
When taking the Fourier transform of the time domain peaks as in Figure 3.3 the Fourier 
coefficient for any give frequency is a complex number. The square of the modulus of these 
Fourier coefficients gives the power spectrum as shown in Figure 3.4 and used in the previous 
section to determine wafer thickness (via Fabry-Pérot peak position). The phase of these Fourier 
coefficients is the phase delay of the given frequency. Withayachumnankul et al. [103] recently 
showed that one can in many cases detect the presence of very thin films more sensitively by tracking 
the THz-TDS measured phase rather than the amplitude. (They found a minimum detectable thickness 
for photoresist films ~ 2 µm when using phase, which translate to ~1 µm for undoped silicon since 
𝑛𝑆𝑖 ≈ 2𝑛𝑃𝑅). We propose here that this phase delay too can be used to infer wafer thickness. As 
with the resonant peak position one could in principle use just the phase delay at one arbitrarily 
chosen frequency. However we found that as in section 3.3.4 one can do much better (in terms 







































Predicted Resolution (at least): 0.96 m














of repeatability and resolution) by an approach that combine data form all frequencies at which 
the spectrometer used has reasonably low SNR. 
The phase of a terahertz wave with frequency 𝜈 propagated through a Si wafer minus the phase of 





(𝐿0 − 𝛿) = slope ∙                                    (3.8) 
with slope =  2𝜋
(𝑛−1)
𝑐
(𝐿0 − 𝛿)  for the case of a wafer originally of thickness L0 with  
etched away. 
Now, for the special case of no dispersion (𝑛(ν) constant) a plot of ∆∅air vs. ν will give a 
line with constant slope given by the formula 3.8. We already noted that undoped Si has a 
remarkably flat refractive index in the THz region (below 2 THz) and so it is no surprise that the 
measured phase delay vs frequency plotted in Figure 3.10 is very close to perfectly linear. The 
plots in Figure 3.10 were obtained by taking the Fourier transform of just the main peak in 
Figure 3.3 (i.e. by truncating the time domain data before the second peak). One can also take 
the Fourier transform of just the second once internally reflected peak in Figure 3.3. A plot of 
the phase of this transform also is close to linear with the relationship between phase delay and 
frequency for the peak given by: 
∆∅𝑎𝑖𝑟 = ∅










Figure 3.10 The phase delay as a function of frequency for terahertz pulses transmitted through 
wafers with different thickness relative to an identical pulse transmitted through air. 
By measuring the standard deviation (between runs as defined in section 3.2) in the relative phase 
delay (∆∅𝒂𝒊𝒓), and using this uncertainty in equations 3.8 and 3.9 respectively we theoretically predict the 
resolution of the phase delay approach for measuring sample thickness () as  0.94 m when using the 
phase delay of the main peak and  1.17 m when using the phase delay of the second (once internally 
reflected) peak. The phase delay for all frequencies of all etched samples was measured several times 
(three representative examples are shown in Figure 3.10). The slope of  ∆∅𝒂𝒊𝒓 vs.   was calculated for 
every run and the resultant data is plotted in Figure 3.11. By using equations 3.8 and 3.9 to plot  vs. the 
slope (∆𝜙 𝜈⁄ ) one can also plot the theoretically predicted shape of these plots (shown in red). We note 
that the red curves with the correct value (as determined in section 3.3.4) of 518 m for the unetched 
wafer (L0) gives a reasonable but not perfect approximation to the measured data. We hypothesize that the 
deviation between the theoretical (red) and an empirical calibration (dashed black) line seen in Figure 3.11 
(a) could be due to 1) the fact that 𝑛(𝜈) is not perfectly constant with frequency and/or 2) the error 
introduced by truncating  the time domain data to isolate the first peak. The data in Figure 3.11 (b) have 
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the same two potential sources of deviation from ideal theory, namely 1)  𝑛(𝜈) not constant and 2) some 
information from the first peak overlapping with the second peak and hence being included in the second 
peak data while the model is for an ideal situation where we can perfectly isolate only once internally 
reflected data.  Because of these sources of deviation between the ideal optical model and measured data 
we recommend using an empirical calibration curve (dashed black) line instead of the theoretical lines 
(red). When using the empirical calibration line (in Figure 3.11 (a)) to estimate the wafer thickness the 
experimentally determined resolution of this method in a typical run is  0.87 m or 0.17 % for telling the 
exact thickness of an ~ 500 m wafer. 
  
Figure 3.11 (a) A plot of the slope of phase delay over frequency (y-axis) for the main time domain 
peak at various relative wafer thicknesses (x-axis). (The time domain data was truncated at 12ps 
after the air reference scan peak prior to the Fourier transform). (b) A plot of the slope of phase 
delay over frequency for the second time domain peak vs. various wafer thicknesses. (Only the time 
domain data containing the 2nd peak, from 12ps to 20 ps, was transformed). The theoretical plots 
was made using equations 3.8 & 3.9 respectively with L0 = 518 μm and n = 3.44 & 3.46 respectively. 
In conclusion, the resolution obtained by tracking phase delay as a function of frequency 
is almost as high as the resolution for measuring wafer thickness obtained by tracking the Fabry-
Pérot interference peaks. However, an empirical calibration curve as opposed to a theoretical 
curve is recommended. From the THz-TDS spectroscopy point of view any random wafer 
thickness variation more than 0.17 % from the value used in the “data work-up” will result in a 
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measurable bias on the phase delay and hence introduce a related error in any quantity calculated 
based on the incorrect thickness (that could be for instance the manufacturer specified wafer 
thickness). 
3.4 Conclusions 
Accurate knowledge of sample thickness is necessary to accurately measure optical 
material parameters with THz-TDS. Fortunately THz-TDS data typically also contain 
information on the sample thickness. In the work-up of THz-TDS data this information is often 
not used or accessed only by an  indirect method – varying the value for sample thickness L used 
in the data work-up so as to maximize the ‘smoothness’ of the data. In this work we evaluated 
and compared various direct means for accessing the thickness information in THz-TDS data. 
We determined the most accurate approaches and quantitatively determined the resolution of 
every approach for the case of lightly doped ~ 500 m silicon wafers. The main results are 
summarized in Table 3.2. 
We found that the “Fabry-Pérot peak position” and “phase angle delay” approaches provide the 
highest resolution thickness measurements for the test case ~ 500 m silicon wafers. Conversely, any 
deviation of more than ~ 0.17 % in sample thickness will introduce measurable changes in these aspects 
of THz-TDS measurements. We found that several simple optical equations fit the observed data 
remarkably well in the case of lightly doped (1.61014 cm-3) silicon. Equivalent thickness measurements 
can be done on more highly doped wafers but calibration curves that take the dispersion into account will 
have to be developed. The peak frequency shift of Fabry-Pérot cavity resonances is then used in the 




2) Table 3.2 The resolution comparison of all experimental methods. 
 
Technique                Resolution 
Thickness (μm) % Accuracy 
        Time Domain   
Peak Amplitude  > 20   > 3.8 
Peak Delay  2.25   0.43 
Hybrid Analysis  > 10   > 1.9 
Frequency Domain   
Resonant Peak 0.26   0.05 




4 RECOGNITION OF PHOSPHORUS AND BORON 
DOPING PROFILES IN SILICON USING 
TERHAERTZ TIME DOMAIN SPECTROSCOPY 
From previous chapter, the frequency shift of Fabry-Pérot resonances is decided to 
determine the bulk wafer thickness in the transfer matrix due to its sub-micron resolution. Prior 
to the final goal: doping profile prediction, the capability of doping profile recognition using 
THz-TDS needs to be studied. In this chapter, various boron / phosphorus doping profiles are 
designed to attest the concept with the resolution benchmark to the THz measurement 
uncertainty. The potential application is the in-situ ion implantation and diffusion process 
monitor. Below content has been published by “Terahertz Science and Technology, IEEE 
Transactions on” in 2014. 
4.1 Introduction 
As we mentioned before, U.S. PVMC embarked on a campaign with 38 separate 
organizations from industry, national labs and academia to identify and prioritize the critical 
challenges in c-Si metrology [104]. Like several similar panels and workshops this effort 
identified, among other challenges, the unmet need for: “High-throughput evaluation of the 
emitter doping process (e.g. doping uniformity, in-line resistivity, junction depth, measuring 
doping profile on a textured surface” [104]. Industry primarily uses SIMS and sometimes ECV 
measurements to determine or estimate doping profiles [27]. Both these techniques are 
destructive and slow. SIMS is expensive and rarely available near manufacturing. As a result 
samples typically need to be sent away for analysis and results are received at best within days. 
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Rapid progress in ultrafast fiber laser technology in recent years enabled the emergence 
of several robust commercial terahertz metrology systems suitable for use in a manufacturing 
environment. A THz-TDS based technique that can monitor doping profiles will be non-contact, 
non-destructive and much cheaper than SIMS. Moreover this technique can be real time or close 
to it (for instance inline when tracking only a simple index or measurement time < 10 min for a 
full detailed high resolution doping profile mapping). 
THz-TDS can accurately and rapidly measure the attenuation and phase delay for every 
frequency in the pulse bandwidth of the terahertz pulses generated and detected (by taking the 
digital fourier transform (DFT) of the pulse waveform). Over the last few decades this technique 
has been developed, refined and used mostly in the laboratory for scientific research [40-42, 105-
107]. The scientific community used it to track the dynamics of electrons in nanomaterials on 
sub-picosecond timescales [105, 108, 109], to reveal the fundamental behavior of electrons and 
holes [110] and to unlock the science of new materials like graphene [111, 112] or 
superconductors [113, 114]. In all these applications the sample either has to be, or is, modeled 
as being a uniform film or a film having at most two or three uniform layers. Terahertz imaging 
is a new and evolving area with scientific and industrial applications [5, 88, 115-121]. As in the 
scientific work most THz imaging to date map only 2D profiles of uniform materials, or of 
multilayer materials with at most a few uniform layers on the order of > 10 μm [18, 87, 88, 90-
92, 120, 122-125]. Here we propose to extend the use of terahertz spectroscopy to monitor 
continuously varying depth profiles as opposed to merely monitoring the thickness of one or 
more uniform layers. The new application we will demonstrate here is the ability to monitor the 
emitter profile in photovoltaic (PV) cells – both the shape and dosage. By monitor we mean the 
ability to “recognize” whether profiles in a manufacturing process conform to a known desired 
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profile and alternatively detect when a deviation occurs. In the PV application domain the THz 
technique has to date been used to characterize contact defects & cracks [126], mapping areas 
rich in bulk defects (recombination sites) [127] and roughly mapping doping dosages (ignoring 
profile differences) [119, 126]. 
4.2 Research Background 
Why is a THz-TDS based approach a good candidate technology for doping profile 
mapping and/or monitoring and why consider this approach now? The answer is two-fold, recent 
technological developments and fundamental scientific considerations (semiconductor physics). 
4.2.1 Development Progress of THz-TDS 
Modern THz-TDS techniques for generating broadband picosecond pulses that can be 
used as powerful probes originated already in the 1970’s with the work of David Austin and co-
workers at Bell Labs on designing the world’s fastest electro-optic switches and generating ultra-
short electrical pulses [40, 128]. These discoveries led to methods for generating and detecting 
terahertz laser pulses propagating through free space that found wide application in experimental 
laboratory science [128]. Terahertz spectroscopy is in particular well suited for studying the 
physics of free carriers in semiconductors and charge transfer dynamics [42, 88, 90, 105, 106, 
109-111, 113, 115, 119, 129]. However, the advent of high power robust fiber lasers (enabling 
affordable robust implementations of THz-TDS) in recent years means that this technique can 
now also find application outside of the lab including applications in manufacturing and in-line 
sensing. 
4.2.2 Semiconductor Physics with THz Light 
In the UV-Vis, NIR and MIR spectral regions of the EM spectrum free carrier absorption 
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in doped Si is either negligibly weak and/or obscured by other optical features like impurity 
absorption, phonons or inter-band absorption [38, 61, 102, 130-133]. This leaves only the 
terahertz and microwave regions as candidates for clear unambiguous optical probes of free 
carrier properties (density, mobility and as proposed here also doping profiles) in materials like 
doped silicon. The microwave region, although suitable, has much less dispersion (different 
velocity/phase shift and absorption of different frequencies) compared to the terahertz region and 
relatively less contrast between doped and un-doped samples. These fundamental facts about the 
optical physics of doped silicon renders terahertz light the optimal probe for directly & non-
destructively determining the free carrier distribution throughout a junction in doped silicon. 
4.3 Experimental Results 
The same lab setup THz-TDS, shown in Figure 3.1 and Figure 1.5, is utilized in the 
research of this chapter. Figure 4.1 shows the electric field of a typical THz pulse that is 
generated by the THz emitter. Also shown are pulses that were propagated through a commercial 
PV solar cell wafer (180 µm thick, ~ 1016 cm-3 p-type substrate with n-type emitter) and a 
standard IC (507 µm thick, ~1015 cm-3 p-type substrate with n-type emitter) wafer. Note that 
transmission through the wafer induces a delay of several picoseconds of the peak arrival time 
and a change in peak amplitude. The magnitude of the peak delay is determined jointly by the 
wafer thickness and the refractive index (propagation speed of light in the wafer). In the terahertz 
region of the EM spectrum the refractive index is almost completely a function of the free carrier 
density and mobility (and hence the wafer quality and doping). The magnitude of the peak 
amplitude is likewise determined jointly by the wafer thickness and the absorption coefficient (~ 
imaginary part of the refractive index) with absorption being the dominant effect. As with the 
phase shift (delay), absorption in the terahertz region is almost solely free carrier absorption and 
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hence the amount of absorption as a function of frequency is a very sensitive probe of doping 
density, and as we will show here also doping profiles. 
 
Figure 4.1 Examples of the electric field of THz pulses mapped out with sub-picosecond resolution. 
Shown is a reference scan just propagated through air (black), a commercial mc-Si PV wafer (red) 
and an IC silicon wafer (blue). 
The terahertz pulses shown in Figure 4.1 are made up of the superposition of terahertz 
light from approximately 0.2 THz to 1.5 THz. Pulses with this bandwidth can easily be generated 
with the current generation of robust, turn-key and affordable fiber lasers ideal for manufacturing 
environments. Using amplified laser systems, and more advanced methods of terahertz 
generation like plasma generation, individual pulses with terahertz bandwidth form 0.5 to 10 
THz and more can be generated (which would allow for even greater ability to monitor doping 
profiles) [41, 107, 134, 135]. By doing a DFT of the time domain data in Figure 4.1 the spectral 
or frequency domain information in these pulses can be extracted as shown in Figure 4.2. We 
have shown previously that this spectral information can be used to extract the precise wafer 
thickness with much higher accuracy than the time domain data [136]. Here we will show that 
this spectral data can also be used to monitor doping profile compliance in typical PV wafers. 






























Shown in Figure 4.2 is the frequency dependent power ratios (pulse propagated through 
the sample divided by a reference pulse propagated the same distance through air) for the pulses 
in Figure 4.1. Firstly note that the ‘oscillations’ result from the well-known Fabry–Pérot effect 
(the wavelength of terahertz light, 30 to 300 m in air, is close to the wafer thickness resulting in 
interference effects) with the thicker IC wafer having more resonant peaks, exactly as expected. 
Secondly, note that the more highly doped PV wafer has significantly more attenuation (free 
carrier absorption) than the IC wafer. Thirdly, note that the deeper and somewhat more 
complicated doping profile in the mc-Si PV wafer typically results in more fine structure in the 
spectrum. 
 
Figure 4.2 The spectral power ratio of the pulses shown in Figure 4.1. The power ratio is calculated 
by taking the DFT of the pulses in Figure 4.1 and dividing that by the DFT of a reference pulse. 
4.3.1 Numerical Simulation of Phosphorus and Boron Doping Profiles 
The doping profile recognition concept in this work is demonstrated both for PV solar 
cell wafers pulled from a manufacturing line and for standard (IC industry) semiconductor 
silicon wafers with doping profiles fabricated in house in RIT’s cleanroom facilities 






















(Semiconductor & Microsystems Fabrication Laboratory). Silicon wafers (CZ, 475-575 μm, 
boron-doped, (100), 10-25 Ω-cm) was diced into pieces. A Bruce furnace was used to grow ~17 
nm dry oxide on the wafer surface as confirmed by Ellipsometry (Nanometrics 
Spectrophotometer). A Varian 350D ion implanter was used to implant either phosphorus (P31) 
or boron (B11) dosages into the sacrificial oxide layer described above. Three dose levels, 10
14, 
5×1014 and 1015 atoms/cm2, were used designed to create doping profiles with different overall 
doping densities. A 1000 ºC and 3.5, 5, 6 or 12 hours high temperature drive-in process was used 
to activate the dopants and fabricate different doping profiles. Finally a hydrogen fluoride (HF) 
solution was used to remove the top dry oxide layer. The resulting doping profiles were predicted 
by SILVACO simulations and the accuracy of the simulations were confirmed by CDE Res Map 
measurements together with a PC1D model. 
Distinct doping profiles are predicted in Figure 4.3 from a SILVACO simulation. Peak 
carrier concentrations are obtained from CDE Res Map sheet resistance measurements (in good 
agreement with the SILVACO simulations) and are 2.0×1018, 9.2×1018 and 1.6×1019 atoms/cm3 
with a junction depth ~ 2 μm for the various P31 implant dosages (10
14, 5×1014 and 1015 
atoms/cm2). For the B11 implant dosages (10
14, 5×1014 and 1015 atoms/cm2) the peak carrier 
concentrations are 3.2×1018, 7.1×1018 and 1.2×1019 atoms/cm3 with a junction depth ~2.25 μm. 
Figure 4.3 (c) shows a SILVACO simulation of the profiles of samples with identical implant 






Figure 4.3 SILVACO simulated P31 doping profiles. The drive-in time of these profiles is the same 
(1000ºC 12hr). (b) SILVACO simulated B11 doping. The drive-in time of these profiles is the same 
(1000ºC 12hr). Open circles are peak concentrations from the CDE Res Map measurement and 
PC1D model. Implant dosages for all plots are given in the legend. (c) SILVACO simulated P31 
doping profiles. The implantation dosages are the same (1014 atoms/cm2) but the drive-in time are 
slightly different (3.5, 5 and 6 hrs). 
4.3.2 Recognition Result in Time Domain 
Figure 4.4 shows the THz measurement in the time domain for several wafers. Relative to 
the air scan in the Figure 4.1, the maximum (main) peak locations of all P31 and B11 samples are 
shifted (delayed) by about 4 ps. This shift is almost completely determined by the increased 
optical length of the silicon substrate compared to air (refractive indices Air: 1, Si: ~3.4). As 
expected one can clearly observe smaller THz amplitudes with samples containing higher doping 
concentrations. The sequence of THz amplitude (ETHz (Imp. Dosage)) in the P31 samples are ETHz 
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(1014) > ETHz (5×10
14) > ETHz (10
15). This result shows that different doping dosages result in 
distinct THz signals even in the unprocessed time domain data. A similar peak delay is found 
when looking at the 2nd peak location (15-16 ps), which result from the internal reflection of 
THz light within the wafer (~×3 optical length). However, the shape and attenuation of this 
second peak is more complicated since it is altered even more strongly by 1) the dispersion 
between THz frequencies within the doping profile (which it traverses up to 3 times as opposed 
to the one time only of the primary peak) 2) the different levels of absorption of different 
terahertz frequencies within the doping profile region and 3) the unique differential internal 
reflection of different frequencies from the doping profile (some frequencies will reflect more 
and some less and at different points within the profile). (The information about the doping 
profile encoded in the dispersion and frequency dependent absorption is not easily accessible in 
the time domain. Hence we now turn our attention to the frequency domain by looking at the 
Fourier transform of pulses like those shown in Figure 4.4 (sample pulses) divided by the Fourier 
transform of pulses though identical undoped wafers (reference pulses). 
 
Figure 4.4 (a) THz-TDS measured THz pulses propagated through samples with P31 doping profiles 
with different dosages. (b) THz-TDS measured THz pulses propagated through samples with B11 
doping profiles with different dosages. The drive-in time of all these profiles is the same (1000ºC 
12hr). 






























































































4.3.3 Recognition Result in Frequency Domain 
As shown in Figure 4.4, the doping layer (junction depth) is too thin to shift the THz peak 
in the time domain by a detectable amount relative to the much larger shift due to the ~ 500 μm 
substrate. However, as shown in our previous work [136] the resonant peak positions in the 
frequency domain is extremely sensitive to not just the physical substrate thickness but also to 
the increased optical thickness (i.e. light slows down as if the sample is significantly thicker) due 
to the very high refractive index ( > 80) of highly doped silicon. Equally significant is the fact 
that the doping profile causes unique dispersion (different phase shift between different 
frequencies) and also unique patterns of internal reflection for different frequencies. These 
factors together result in a unique transmission spectrum in some ways similar to fingerprint. 
It is these considerations that make the power transmission ratio in the frequency domain 
a very sensitive indicator of doping profile change. To produce the power spectra shown in 
Figures 4.5 & 6 a DFT of the measured time domain waveform (as in Figures 4.4, 4.7 & 4.8) is 
done. To calculate the power ratio the transmission spectrum through a doped sample is then 
divided by a reference spectrum which in this case is the transmission spectrum through an 
identical wafer with no doping profile (or a piece or area of the same wafer that was not doped). 
Both the primary and 2nd peaks are included during DFT since as explained above the 2nd peak is 
relatively rich in structural information regarding the doping profile. (In principle there is also a 
smaller 3rd and 4th etc. peaks corresponding to multiple internal reflections that can be recorded 
and included in the analysis provided one has a system with the dynamic range to measure them 
accurately. In our case however the attenuation of the third peak due to doping was so much that 
it was at the noise floor and hence it was not included in the analysis here.) 
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Figure 4.5 show that one can clearly distinguish between different doping dosages in both 
P doped and B doped samples. The trend of resonant peak amplitude is exactly as expected going 
from large (less absorption) to small (more absorption) as with implant dosages go from small to 
large 1014/5×1014/1015 atoms/cm2, respectively. The result suggests that the THz sensitivities to 
P31/B11 dopants are alike and THz pulses can be used to monitor doping dosages in-line for 
quick turnaround quality control for both n-type and p-type emitters. 
Results as in Figure 4.5 demonstrate that the THz-TDS approach can distinguish 
differences in doping dosages. (Strictly speaking the technique distinguishes between differences 
in activated dopants and not implantation dosages because the THz response is to free carrier 
density and mobility and hence scales only with activated dopants.) This result is not surprising 
when one consider the very high optical contrast between undoped silicon and doped Si in the 
terahertz region of the EM spectrum (n=3.4 for undoped vs more than 80 at high doping). 
However, the answer to the question whether or not THz-TDS can be used to distinguish 
between doping profiles differences (in shape or depth) when the implant dosages and total 
(integrated) amount of active dopants are identical is not obvious? To answer this question we 
fabricated samples with identical implant dosages and total active dopant levels (see Figure 4.3 
(c), same implant conditions and drive-in temperature were used, the different wafer pieces were 
just taken from the furnace at different times). The data in Figure 4.6 shows that the frequency 
domain power ratios of THz-TDS data can indeed be used to distinguish between doping profiles 




Figure 4.5 (a) Power transmission ratios of P31 samples with different implant dosages. (b) Power 
transmission ratio of B11 samples with different implant dosages. The drive-in condition for all 
spectra is the same (1000ºC 12hr). The reference scans for all power ratios are identical silicon 
wafers without any doping profile. 
4.3.4 Evaluation of THz Measurement Uncertainty 
Although a significant power ratio difference is observed, it is important to understand 
how large (and reliably repeatable) this difference is compared to measurement noise. Figure 4.6 
illustrate the relative repeatability (over weeks) of the measurement compared to the doping 
profile induced differences. A wafer with an implant dosage 1014 atoms/cm2 (P31) and a 1000ºC 
3.5hr drive-in time was measured on distinct days and the power ratios were compared to wafers 
with 1000ºC 5 and 6hr drive-in time (implant dosages are the same). The average point by point 
difference between the ‘very similar’ 5 hr and 6 hr profiles is 12.3 % while the average 
measurement error with our current hardware is 1.1 % (the average deviation between 
measurements on the same wafer on different days). The measurement noise is an order less than 
the drive-in condition change and proves the repeatability of the measurement. 




































































Figure 4.6 Repeatability test of one wafer (dosage 1014 cm-2, drive-in time 1000ºC 3.5hr) on three 
different days. Also shown are two different wafers with different drive in times (5 and 6 hr). The 
corresponding predicted profiles are shown in Figure 4.3 (c). Note that all these profiles have 
identical implant dosages – the spectral differences are due only to differences in the doping profile 
due to drive-in time. The reference scans for all power ratios are identical silicon wafers without 
any doping profile. 
4.4 Recognition Demonstration on a Commercial mc-Si PV Cell 
The experiments above confirm that THz-TDS can be used to monitor the diffusion 
process and in particular dosage, activation and evolution of doping profiles in manufacturing. 
The question remains whether this technique is compatible with the features of real-world 
production wafers and solar cells. A particular challenge to many metrologies are the texturing of 
scattering and antireflective coating layers. Also of concern is the relatively higher (than the ~ 
1015 cm-3 used above) substrate doping levels typically used for the base in Si-PV. To test the 
applicability of our approach to real world PV manufacturing we obtained and tested wafers 
from various points in production from a major Si solar cell manufacturer. Figure 4.7 shows time 
domain THz measurements on wafers from all stages of the typical mc-Si PV production process 
prior to metallization. (The individual labels are explained in the caption. A combined label, for 
instance “TX+DF”, means the particular wafer was processed through the texturing and diffusion 


























stages and then pulled for analysis.) Compared to the air reference scan, main peak locations of 
all sample scans are located at ~ 2 ps due to the 200 μm wafer PV wafer thickness. The typical 
1016 cm-3 substrate carrier concentration absorbs ~ 53% THz amplitude (ratio of TX/Air) and the 
emitter added by the diffusion process increased terahertz absorption enough to result in another 
~50% reduction in THz amplitude. As hoped the edge isolation process do induce any noticeable 
change in the THz signal. The thin Si3N4 layer (~80 nm) indeed does not cause measurable 
scattering or absorption to the long wavelength THz radiation (30-300 μm) and the very small 
reduction in THz amplitude observed is likely due to impurities inside the Si3N4 layer or a slight 
increase in the front end reflection loss of THz light. 
 
Figure 4.7 Time domain THz measurement in different mc-Si PV process stages. TX: texturing, DF: 
diffusion, HF: edge isolation, PC: Si3N4 anti-reflection coating. Small wiggles after the main peak 
result from the water vapor in the air. The THz amplitude in the edge isolation stage is the same as 
in the previous diffusion stage. The impurities in the Si3N4 film cause a small THz absorption. 
To illustrate the ability to do doping profile recognition or monitoring in commercial PV 
wafers we fabricated our own doping profiles on the commercial TX wafers (after the texturing 
but before the doping step). We chose conditions so as to produce roughly similar doping 





































profiles (junction depths) than the profiles of the commercial PV production line diffusion 
process. (See inset on Figure 4.8(b) for a comparison of the resultant doping profiles). Time 
domain and frequency domain THz measurements comparing the industrial production line 
wafer and our locally produced wafer are shown in Figure 4.8. Note that the differences between 
the two wafers in the time domain are relatively small as is typical for samples with roughly the 
same dopant levels. As shown before the frequency domain power spectra are richer in detail 
able to distinguish doping profile shape differences. Note that neither the texturing nor the 
relatively highly doped substrate took away the ability of the technique to distinguish between 
and characterize doping profiles. 
Currently, the PV industry typically uses four-point probe measurements to monitor the 
emitter diffusion process stability through sheet resistance. However, monitoring the surface 
resistivity is just a rough check because the carrier distribution inside the wafer could be and 
frequently is different. In the case shown in Figure 4.8 (b) for instance, the two samples have a 
virtually identical sheet resistance (DF: 70.02 Ω/□, Imp: 71.12 Ω/□) but a significantly different 
doping profile inside the wafer. This shows clearly that the four-point probe technique cannot by 
itself completely reliably monitor the actual doping profile compliance. However THz-TDS can 
distinguish even relatively small sub-surface doping profile difference sometimes in the time 
domain and even more so in the frequency domain (Figure 4.8 (a)(b)). This capability of THz-
TDS could be exploited to achieve higher levels of in-line, or almost real time, on spec process 





Figure 4.8 THz measurements on mc-Si textured solar cell wafers. Shown are measurements on a 
sample with a doping profile that resulted from a commercial diffusion process (red) and a doping 
profile obtained by ion implantation and thermal drive-in in our cleanroom on an identical 
commercial mc-Si textured wafer (black). (a) Transmitted pulses in real time and (b) power 
transmission ratios comparing the THz transmission of the commercial diffusion and in-house ion 
implanted samples all on identical textured mc-Si wafers. The reference in both cases is a textured 
mc-Si silicon substrate without any doping profile. The smaller figure in the upper-right location 
depicts the SILVACO simulated and ECV measured doping profiles. 
Finally, to further confirm that the large wavelength THz-TDS technique could reliably 
handle the intentionally surface morphology or texturing (typically pyramid texture structures ~ 
4 μm in height) of commercial Si solar cell wafers we measured different locations on the same 
commercial textured mc-Si PV wafer. Two typical power transmission ratios from two distinct 
spots are shown in Figure 4.9. The good overlap these spectra and all measured show that 
variations in the PV surface morphology do not influence the ability of the THz measurement to 
recognize similar or dissimilar doping profiles. (The terahertz spot-size on the wafer can be 
chosen down to the diffraction limit of about 1 mm depending on the resolution or amount of 
area averaging desired.) The ~ 5 mm diameter spot used averages over 1000’s of ‘pyramids’ so 
that local (on the order ~ 10 to 100 μm) variations in texturing do not introduce random noise in 
the measurement. Moreover, the long wavelengths (> 200 μm) of the THz radiation used here 
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means it does not get scattered like the light used in most other shorter wavelength metrology 
techniques. 
 
Figure 4.9 Power ratios at two different locations on the same textured mc-Si solar cell. 
4.5 Conclusions 
We demonstrated that THz-TDS can be used to monitor and detect differences or process 
deviations in doping profiles dosages. A less predictable capability also demonstrated here for 
the first time is the ability to distinguish between doping profile shapes even when the total 
dopant amount (dopant dosage) within the different profiles are the same. We also showed that 
the free carrier distribution (or activated dopant distribution) can be monitored in both n-type and 
p-type emitters using THz-TDS measurements. We demonstrated day-to-day measurement 
deviations (repeatability) that are 10 times smaller than the difference in signal between the 
smallest doping profile differences studied. Finally, we demonstrated that none of the features of 
commercial silicon solar cell wafers significantly interfere or impede the application of this 
technique. In particular it is demonstrated that standard solar cell wafer texturing does not 
present a major challenge to long wavelength terahertz light. In conclusion we showed an 























example of THz measurements on two mc-Si samples with virtually identical sheet resistances 
but with two different doping profiles. We note that THz-TDS can reliably distinguish the 
doping profile differences between these wafers but the standard four-point probe technique, 
used most often in industry to monitor emitter profile compliance, cannot. Based on the 
experimental results presented, and the low cost turn-key options for THz generation and 
detection that came to market in recent years, THz-TDS based approaches show promise for use 
in manufacturing and quality control metrology in the PV and related industries. 
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5 TERAHERTZ REFRACTIVE INDEX OF 
PHOSPHORUS DOPED SILICON 
To predict an accurate THz transmission and reflection in the transfer matrix, an 
empirical refractive index library is the key component. It was a challenge in the past to generate 
this library because no THz radiation can survive after penetrating heavily doped and thick 
silicon. Now, using SOI wafers solves this problem by having a change to create a thin and flat 
doped region in the top silicon layer. In this chapter, the detail process of generating a P31 
refractive index library from carrier concentrations 1.2×1015 atoms/cm3 to 1.8×1020 atoms/cm3 is 
displayed. Surprisingly, the refractive index from 0.2 – 8 THz obeys the prediction in the simple 
Drude model and the slightly offset can be interpreted by heavier effective masses in the 
impurity bands and THz emissions. The same analytical procedure can be applied to study the 
refractive index in materials using other dopants. In this chapter, we only focus on the detail 
introduction of the library generation. The revised content, which contains physical 
interpretations and data fitting using theories of impurity bands and THz emissions, is scheduled 
to submit to the journal “Science” in 2014. 
5.1 Introduction 
Doped silicon is one of the technologically most important materials that ever made it 
from a physics laboratory into everyday applications.  Within science doped silicon serves as a 
widely studied prototype system for exploring “arguably the most important model in 
condensed-matter physics” [137, 138] – models that describe the free carrier gas or Fermi liquid 
formed by free electrons in solids.  The optical spectrum of doped silicon in the terahertz region 
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below 8 THz is determined almost exclusively by a very strong light-free carrier interaction. In 
the century since Paul Drude formulated his well-known theory for conductivity in metals [60, 
139], many physicists, particularly after quantum mechanics refined our understanding of solids, 
suggested that such a simple “classical” theory is useful only as a rough first approximation or 
intuitive picture of the free carrier response in metals and semiconductors [46, 140-142]. In the 
case of silicon the complexity that quantum mechanics reveal is indeed considerable; the 
conduction band minimum consists of six degenerate valleys with ellipsoidal Fermi surfaces (see 
Figure 5.1 (b)). In each valley conductivity is anisotropic with very different transverse and 
longitudinal effective masses (mt = 0.19 vs ml = 0.91). Free carrier scattering at room 
temperature is a combination of phonon scattering (both acoustic intravalley and nonpolar-
optical & acoustic intervalley) and ionized & neutral impurity scattering [143, 144]. 
Over the last two decades optical experiments in the terahertz and microwave proved that 
the relatively simple Drude model can indeed accurately describe the bulk response of free 
electrons to light in many materials (in particular lightly doped semiconductors [38, 61, 62, 130, 
144-146] and superconductors [139, 147]). However the main prediction of Drude’s model, 
namely the bulk free carrier optical spectrum in a metallic system, has to date never been tested 
by direct measurement (without for instance Kramers-Kronig extrapolation) [49, 139, 148, 149]. 
There are two reasons why the free carrier spectrum of a metal has not been measured to date. 
Firstly, techniques capable of the direct simultaneous measurement of both the real and 
imaginary refractive index in the terahertz region matured only in the last few decades. The 
broadband plasma generation technique used here are state of the art [41]. Secondly, even Drude 
himself anticipated that the inherent high reflectivity of metals would pose a major experimental 
challenge to measuring the bulk free carrier response in metals [139, 150], a fundamental 
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obstacle that modern terahertz reflection techniques do not escape [101]. In this work these 
challenges are overcome by fabricating uniformly doped samples as in Figure 5.1 (a). The doped 
region is fabricated thin enough to not be subject to bulk Fresnel reflection yet is thick enough so 
that the transmitted terahertz light predominantly probes the bulk free carrier response. By 
mapping out the electric field vs. time of broadband terahertz pulses transmitted through samples 
with various doping densities the real and imaginary refractive index in Si:P is measured 
directly. 
 
The minimum difference of complex THz transmission between the measurement and 
simulation from the transfer matrix is utilized to achieve an electrical doping profile prediction in 
Figure 5.1 (a) Typical sample structure: A thin uniformly doped layer on top of an insulating 
oxide blocking layer on an undoped (THz transparent) substrate. (b) An illustration of the 
ellipsoidal Fermi surfaces of the silicon conduction band and conductivity by displacement (in 
k-space) of the six ‘carrier pockets’ by an electric field (in our experiment the E-field of a pulse 
of terahertz light). (c-d) Illustration showing the Drude prediction of the evolution of the optical 
spectrum of a free carrier plasma with scattering time. At large   the spectrum has the familiar 
Lorentz line shape centered at DC. As  approaches values typical of metals ( ~ 10 fs or less) a 
much broader free carrier response spanning the THz is predicted. (e-f) The Drude prediction 
of the evolution of the free carrier spectrum with carrier density. 
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silicon. To just get a rough idea, of course the simple Drude model can be directly used to 
theoretically calculate how the difference of complex transmission changes with various doping 
profiles in the fitting process. However, it won’t be better than having an experimental library to 
estimate the actual difference of complex transmission. A refractive index library in THz 
regions, which covers the overall free carrier range of predicting a doping profile, therefore 
becomes an essential information to have. On the other hand, exploring whether a heavily doped 
silicon really acts as a metallic system through its optical spectrum is also a meaningful research 
from the fundamental science point of view. These two reasons lead us to work on this topic in 
detail and the information is expected to be beneficial for the estimation of the electrical 
performance of device in THz regions. 
5.2 Materials and Methods 
The specialty of this topic is not only the designed method to extract the refractive index, 
but also the effort to prove its accuracy. The reported information in later sections is only about 
the Si:P library since the doping profile prediction is initialized on the phosphorus doping profile 
in silicon. The generation of the Si:B library is now on the way by another master student 
through a similar procedure. 
5.2.1 Terahertz System Setup 
THz measurements were done in two different THz systems from two different labs. In 
our RIT lab, THz radiation is generated by the photoconductive antennas method, which is well 
described in Chapter 1. Its frequency covers the range from 0.2 – 2 THz. In the UR lab, THz 
radiation is generated by the state-of-the-art THz-ABCD technique, covering the range up to 
8THz. A detailed description of generation and detection using the ABCD plasma generation can 
be found elsewhere [41, 107, 151]. System particulars are: A regenerative Ti:Sapphire amplifier 
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(Coherent Inc., Legend, Gottingen, Germany) with 8 mJ pulse energy, 800 nm central 
wavelength, 35 fs pulse duration, and 1 kHz repetition rate is utilized for the optical source. A 
fraction of the source beam is frequency doubled to produce a co-propagating 400 nm beam. 
Both the 800 and 400 nm beams are tightly focused in air to induce ionization. Frequency mixing 
of the plasma currents driven by 800 and 400 nm femtosecond pulses result in the radiation of 
short broadband terahertz pulses that is focused and used for spectroscopy. The references pulses 
and pulses transmitted through the samples are mapped out using free based electro-optic 
sampling based on the inverse of the generation process (THz light + 800 nm light mix to 
produce 400 nm light). The complex refractive index of the multilayer samples were obtained 
directly from the measured data using same standard THz-TDS methodologies. 
5.2.2 Flat Doping Profile Formation using SOI Wafers 
High quality SOI wafers was purchased from Soitec with the structure being nominally 
500 nm intrinsic top Si / 3µm SiO2 / 500µm Si substrate. The SOI wafers were fabricated with 
Smart Cut™ technology to transfer and bond a thin layer of high quality single crystalline silicon 
from a donor substrate to a SOI stack. This approach provides high quality single crystal silicon 
at submicron thickness without strain and with minimal damage (The silicon crystals used in our 
report has a (100) orientation). To fabricate the sample sets with the seven high doping levels 
(>1017 atoms/cm3) the following cleanroom process flow, shown in Figure 5.2, was followed at 
the SMFL cleanroom at RIT (10 000 sq. ft. SMFL class 1000/100/10). A similar sample 
fabrication has been described using bulk silicon wafers in Chapter 4. Firstly, ~17 nm sacrificial 
dry SiO2 was grown on the top Si in a dedicated Bruce tube furnace. Then phosphorous ion 
implantation was done with a Varian 350D Ion Implanter (30 KeV implantation energy with 
dosage adjusted to achieve the various doping levels). Dopant activation and drive-in was 
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achieved by annealing at 1000 ºC for 12 hours in a dedicated Bruce tube furnace. Finally HF 
chemical etching was used to remove the sacrificial oxide. The samples doped at lower (< 1017 
atoms/cm3) doping densities consisted of high quality single crystal uniformly doped wafers 
(~200 µm and ~ 600 µm) purchased from commercial vendors, characterized and used as is. 
 
Figure 5.2 Fabrication procedure of various doping levels in SOI wafers and metrologies used to 
determine carrier concentrations. 
5.2.3 Doping Level Determination in SOI Wafers 
The uniformity (flatness) and concentration level of the doping profile was determined 
using SIMS, ECV, four point probe Rs and SRP measurements and a summary table is provided 
below. All three techniques confirmed a uniform fully activated doping profiles for all samples 
within the top silicon layer. The SIMS analysis was performed by Evans Analytical Group (EAG) 
using a PHI Adept 1010 Quad system. The results for the samples with phosphorus dopant levels 
4.3×1018 cm-3 and 9.6×1019 cm-3 is shown in Figure 5.3. Uniform doping levels are observed in 
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the 500nm top Si layer validating the straightforward multilayer transfer matrix procedure used 
to extract the complex n ̃(ω) of the doped top silicon layers from the measured terahertz 
transmission data (t ̃(ω) for ω/2π = 0.2 to 8 THz). 
  
Figure 5.3 SIMS measured doping profiles in samples: (a) 4.31018 atoms/cm3 (b) 9.61019 atoms/cm3. 
The first ~ 500 nm is the top silicon layer followed by the box oxide to the right. 
The sheet resistance and DC conductivity was measured for the benchmark. The sheet 
resistance of every sample was measured using a commercial Four Point Probe Resistivity 
Mapping Systems (ResMap 273, Creative Design Engineering) and cross-checked with a second 
custom four point probe system. The resultant average values for every sample from each 
measurement system are given in Table 5.1. The conversion from sheet resistance to bulk 
resistivity was then computed using the accurate top layer thickness data (see section 5.2.4) and a 
calibrated conversion algorithm for each of the two systems used (used daily for research and 
commercial work). 
From Table 5.1, all four measurement techniques showed reasonable agreement. The agreement 
between the technique measuring the chemical dopant density (SIMS) and the techniques measuring the 
free carrier density (ECV (WEP CVP21)), SRP (SSM 100B SRP system by Solecon Laboratories (Reno 
















































































































NV)), 4pt Probe) suggest that all dopants were activated as is expected for the dopant levels (ND < 
1.8×1020 atoms/cm3) and drive-in conditions (12 hr 1000 ºC) used. With regard to dopant activation, also 
note that the offset between the measured and predicted optical spectra in Figures 5.6 cannot be the result 
of incomplete dopant activation. 
 
3) Table 5.1 The carrier concentration comparison of all characterization techniques. 
5.2.4 Layer Thickness Determination in SOI Wafers 
Accurate extraction of the complex refraction index of the doped top silicon layer 
requires accurate knowledge of the precise thickness of the various layers in the samples. The 
thickness of the ~500 nm top silicon layers of the various wafers were measured using high-
resolution scanning electron microscopy (HR-SEM) and the results were cross-checked using the 
commercial SIMS analysis. The HRSEM and the SIMS results matched closely. To prepare the 
wafers for reliable HR-SEM imaging the wafers were diced with a diamond blade and the 
exposed edges polished using a standard chemical mechanical wafer polishing tool (CMP). Exact 
thickness and uniformity of the various samples was then determined using side-on imaging of 
the wafers with a high resolution SEM (Zeiss Auriga). Figure 5.4 is an example of an SEM 




4 Point Probe 
ResMap  
(Ω/□)
N - 4 Point 
Probe 
(atoms/cm3)
4 Point Probe 
RIT             
(Ω/□)
N - 4 Point 
Probe 
(atoms/cm3)
N - SRP 
(atoms/cm3)
N - ECV 
(atoms/cm3)
N - SIMS 
(atoms/cm3)
N in Drude 
Prediction 
(atoms/cm3)
1.20E+16 9.80 1.78E+20 9.98 1.75E+20 1.77E+20
5.00E+15 17.32 9.88E+19 18.20 9.29E+19 9.09E+19 1.02E+20 9.63E+19 9.62E+19
3.00E+15 26.85 6.27E+19 27.90 6.04E+19 6.16E+19
1.00E+15 72.76 2.38E+19 76.90 2.24E+19 2.37E+19 2.24E+19
2.00E+14 234.40 4.76E+18 245.60 4.39E+18 4.56E+18 4.35E+18 4.34E+18
4.00E+13 511.60 1.24E+18 542.60 1.12E+18 1.18E+18





Figure 5.4 Example of the thickness determination of the top Si and box SiO2 layers in the SOI 
wafers used. This particular sample had a top oxide layer 508 nm ( 10) and a box oxide 3.0 µm ( 
0.1). 
5.2.5 Single Peak Equation for Complex Refractive Index (?̃?) Extraction 
To eliminate resonances induced from the Fabry-Pérot cavity, the equation using just the 
information from the main peak was derived for the extraction of the refractive index library 
from SOI wafers. The basic concept in the derived equation is to exclude the internal THz 
reflection. Two steps process is required in the data analysis and a selected region in the THz 
measurement containing just the main peak is required while doing the DFT. In step 1, the term 




reversely calculate the refractive index ?̃? in the silicon substrate. Air scan is defined in step 1 as 
the reference and the extracted ?̃?  is employed as ?̃?𝑆𝑖_𝑆𝑢𝑏  in the next step. In step 2, 
𝑀1𝑀2 … 𝑀𝑛 represents a multiple layers structure to form the transfer matrix with terms A, B, C 
and D. In this SOI case, three layers structure 𝑀1𝑀2𝑀3 is defined and only the top Si layer is the 
unknown factor to solve. The complex transmission 
𝐸𝑇
𝐸0






extract the complex ?̃? in the top Si layer. In step 2, the silicon substrate without the top Si and 
box SiO2 layers, is measured as the reference Eref. 
 
Figure 5.5 Two steps calculation of the THz refractive index from the main absorption peak. 
5.3 Results and Discussion 
5.3.1 Extraction of Complex Refractive Index 
These measurements allow us to report here, for the first time, the results of the 
experiment Drude envisioned 114 years ago: The measurement of the bulk free carrier spectrum 
of a metallic material by measuring the complex refractive index (?̃?(𝜔) = n(ω)+iκ(ω)) of highly 
doped silicon from 0.2 to 8 THz. By accurately measuring (cross-checked with four different 
non-optical methods) the free carrier density (N) and DC conductivity (σ0), Drude’s prediction of 
the optical spectra of phosphorous doped silicon is obtained completely independent of the 
optical measurements. Figure 5.1(c-f) shows the Drude prediction of how the optical spectrum 
evolves as a function of doping density and scattering time. Figure 5.6 shows the measured ?̃?(𝜔) 
across seven doping levels, including show a direct comparison of the pure Drude prediction of 
?̃?(𝜔) with the measured ?̃?(𝜔) at two representative doping levels. 
Except Drude model, another two approaches are utilized to predict σ0 for the estimation 









𝜌(𝑛) (bulk resistivity) and then 𝜎0(𝑛). Another one is to measure N and use one of the many 
widely used and validated tables listing for 𝜌(𝑛) vs N for single crystal Si:P (e.g ASTM, NIST 
etc. [152, 153]). In this work we calculated the predicted optical spectrum using all three 
approaches. Using approaches 1 and 2 the predicted spectra for all samples are as close as 0.9% 
and never more than 4.8% (for all samples at all frequencies within the reported range). 
Approaches 2 and 3 agree even more closely as is illustrated by the results for the 1.77×1020 cm-3 
doping level (The result for all other doping levels is similar). Approach 2 has been used in 
Figure 5.6 to plot the Drude prediction. 
To date the complex terahertz refractive index of doped silicon has been measured up to 
only the lightly doped level of 5×1016 atoms/cm3 (within a full physically achievable range from 
~ 1014 to 5×1020 cm-3 [143]) with the later measurement over the very limited spectral range of 
just 0.2 THz to 1.1 THz [145]. As a familiar point of reference note that the peak doping level in 
most integrated circuit and silicon solar cell diodes exceed 1020 atoms/cm3. In all previously 
reported room temperature measurements (ND ≤ 5×1016 atoms/cm3) both the electrons and holes 
(boron doped) in lightly doped silicon had Drude spectra [38, 61, 62, 130, 144, 145]. 
Notwithstanding these experimental results in the low doping region all (we could not find any 
counter example) explicit predictions or models in the literature [49, 142, 144, 154-159] of the 
free carrier spectra of highly doped silicon predict notable deviation from the Drude model. 
Contrary to these expectations, the first direct experimental data in Figure 5.6 show that 
the Drude prediction does perform remarkably well in describing the line shape of ?̃?(𝜔) across 
all doping levels. Although the Drude model (with no fitting parameters) does predict the line 
shape correctly, it clearly also consistently overestimates the magnitude in highly doped silicon ( 
> 1019 cm-3) of both n and κ. In samples with ~1018 cm-3 doping levels, the Drude model 
83 
 
underestimates the magnitude of n but still overestimates the magnitude of κ. The last sample 
with the doping level ~1017 cm-3 then displays a better agreement of both n and κ between the 
measurement and the Drude model estimation. Note that the difference between the measured 
and predicted spectra itself has a Drude-like shape. These extracted information is already 
adequate for our research purpose. 
 
Figure 5.6 The measured terahertz complex refractive index for seven doping levels. The squares 
and circles are data points measured with photo-conductive antennas and circles are measured with 
plasma generation. 
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5.3.2 The Evolution of the Refractive Index Offset 
The detail interpretation and data fitting regarding the resources of the observed offset 
will be discussed in the future submission in detail. Over here the evolution of relative 
mechanisms in different doping levels are introduced briefly. Two major theories participate the 
observed offset. Highly doped Si:P has an impurity band (IB) that starts emerging around ND = 
2×1017 atoms/cm3 [138, 160-162]. This IB is responsible for the metal-insulator transition (MIT) 
that occurs at ND = 3.5×10
18 atoms/cm3 [138, 161, 162]. Electrons in impurity bands with 
various effective masses as a function of doping level dominate the overestimation in highly 
doped samples, shown in Figure 5.7 (a). The overestimation reaches its peak at ~2×1019 cm-3 
doping level and decreases as a function of the distribution change of impurity bands. In ~1018 
cm-3 doping levels, impurity bands decompose to island type distributions. The major mechanism 
is gradually switched to another effect called THz emissions and induces the observed 
underestimation of the magnitude of n. The illustration in Figure 5.7 (b) indicates the peak of 
THz emissions at ~1×1018 cm-3 doping level. The combination of these two effects is observed at 
~4×1018 cm-3 doping level. In ~1017 cm-3 doping levels, these two effects disappear and a close to 
zero offset is observed. The fitted curves (red) in Figure 5.7 (c) take these two effects into the 
consideration and show a perfect agreement with the extraction from the THz measurement on 
two selected doping levels (6×1019 cm-3 and 1×1018 cm-3). In the 6×1019 cm-3 sample, the 
underestimation (lower than Drude model (green curve)) comes from the different effective 
mass, where the overestimation (higher than Drude model (green curve)) in the 1×1018 cm-3 




Figure 5.7 (a) The impurity band induced evolution of the refractive index offset in doping levels > 
1018 cm-3. (b) The THz emission induced evolution of the refractive index offset in doping levels 
between 1017 to 1019 cm-3. (c) The measured data, the Drude prediction and the fitted data 
containing proposed mechanisms at two doping levels as examples. 
































































































For the first time, phosphorus refractive index in THz regions between carrier 
concentrations 1.2×1015 cm-3 and 1.8×1020 cm-3 is directly measured using THz techniques at 
room temperature and utilized in the transfer matrix to predict the complex transmission for the 
later doping profile prediction. Two THz systems from two different labs reach an acceptable 
agreement of extracted refractive index up to 8 THz and various characterization techniques are 
utilized to confirm relative doping levels. The shapes of extracted refractive index and its offset 
in all samples pretty much follow the prediction from the simple Durde model. Therefore, the 
doped silicon behaves like a metallic material in THz regimes. The offset to the Drude model 
prediction continuously brought us the attention of digging behind mechanisms from the 
fundamental science point of view and it is well fitted by the gradual change of electrons in 
impurity bands with various effective masses and THz emissions. This finding also opens the 
door of the solid state study in the use of a typical transmission mode THz-TDS at room 
temperature. The relative result has been reported in this chapter in brief and the detail 
interpretation will be covered in the future journal submission. The same analytical procedure 




6 NUMERICAL MODELING OF DOPING PROFILE 
PREDICTION USING TERAHERTZ TIME DOMAIN 
SPECTROSCOPY 
In previous chapters, essential information, including the impact from the bulk material 
thickness to a transmission mode THz measurement, the ability of silicon doping profile 
recognition and the generation of a phosphorus refractive index library, has been reported 
systematically to lead the potential application of in-situ doping profile prediction. Prior to the 
experimental demonstration, a mathematical modeling process using MathCad is done in this 
chapter to estimate the prediction performance in liquid diffusion profiles with kink-and-tail 
features. This study covers the practical window in the PV industry and the conjecture is applied 
to doping profiles with various features. One manuscript (Part III) based on the revised content is 
under preparation and the submission is scheduled to the journal “Terahertz Science and 
Technology, IEEE Transactions on” in 2014. 
6.1 Introduction 
Using a transmission mode THz-TDS to implement the non-destructive doping profile 
prediction is a new approach and has not many direct literatures to reference. From previous 
chapters, essential information required for this topic has been collected for a physical 
demonstration in the next chapter. Prior to that, a modeling process is reported in this chapter to 
pinpoint potential stumbling stones and lower the future experimental expense. The modeling 
aims at liquid diffusion profiles with kink-and-tail distributions as an example and utilizes 
mathematical models proposed by Wirbeleit et al. [163] to reduce the simulation complexity. 
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The same analytical procedure can be applied by having mathematical models for specific shapes 
(for example ion implanted profiles). During the profile prediction, multiple profiles owing very 
close complex transmissions is expected to lead a wrong profile estimation. This issue drives us 
to study the so-called “multiple degeneracy” problem through the modeling process, too. 
Degenerate is the situation that a limiting case in which a class of object changes its nature so as 
to belong to another, usually simpler [164]. In this research, degenerate (degeneracy) represents 
the same THz measurement result from multiple doping profiles, called theoretical degeneracy. 
Therefore, the question to us is: do we face the theoretical degeneracy problem? Another 
degeneracy problem, called practical degeneracy, is also frequently observed due to 
measurement uncertainties. The practical window of the liquid diffusion profile used in silicon 
based solar cells is applied to study their existences and the influence to the profile prediction. 
Strategies are then proposed to break the practical degeneracy and improve the accuracy of 
profile prediction. 
6.2 Material and Methods 
Theories and models applied to evaluate the performance of profile prediction are 
introduced in this section, along with the description of sample preparation for the physical 
demonstration of practical degeneracy. 
6.2.1 Drude Model and Empirical ASTM Equation 
To estimate the accurate change of complex transmission under various doping profiles, 
three vital notions are employed during the modeling process. First, equation 6.1 [165, 166] is 
adopted to empirically describe mobility and scattering time as a function of carrier 
concentration, where effective mass m0 (0.28×me) is applied in the equation to calculate the 
scattering time. Another empirical ASTM correction [152] (equation 6.2) is also applied to 
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. The empirical DC conductivity is proven to be close to the theoretical 
estimation. Drude model, shown in equation 6.3 – 6.6 [167], is applied to simulate complex 
refractive index (n+iκ) as a function of carrier concentration under THz frequencies. Refractive 
indices from profile segments are employed in the transfer matrix to simulate the complex 
transmission and refraction. The detail introduction regarding Drude model and transfer matrix 
can be found in Chapter 2. 




















                                            (6.2) 
1(𝜔, 𝑁) = 𝑜𝑝𝑡 − 𝜎0(𝑁)
𝜏(𝑁)
0𝜔[1+(𝜔𝜏(𝑁))2]
                                   (6.3) 
2(𝜔, 𝑁) = 𝑜𝑝𝑡2 + 𝜎0(𝑁)
1
0𝜔[1+(𝜔𝜏(𝑁))2]
                                 (6.4) 
𝑛(𝜔, 𝑁) = √ 1
(𝜔,𝑁)+√ 1(𝜔,𝑁)2+ 2(𝜔,𝑁)2
2
                                      (6.5) 
𝜅(𝜔, 𝑁) = √
− 1(𝜔,𝑁)+√ 1(𝜔,𝑁)2+ 2(𝜔,𝑁)2
2
                                    (6.6) 
6.2.2 Enhanced Diffusion in Liquid Diffusion Profiles 
Liquid diffusion process, interpreted by the Fick’s law [168], is widely used in 
semiconductor (especially PV) industries to manipulate the device performance. In IC circuit 
field, steep diffusion profiles in heavily doped deep-source drain and ultra-shallow junctions are 
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required in advanced microelectronic technologies. In PV industry, solar cell efficiency is 
controlled by the shape of the diode junction. The enhanced diffusion induced kink-and-tail 
features is generally seen while activated phosphorous dopants are driven into the bulk material 
under an adequate thermal budget. The relative study has been mentioned extensively in many 
semiconductor devices such as MOSFETs [169], a-Si:H / poly-silicon thin film transistors [170], 
InAlAs / InGaAs HEMT’s [171], isolated-gate InAs / AlSb transistors [172] and so on to prove 
its importance to the electrical performance. Profiles without kink-and-tail distributions are 
generally modeled by an easier Gaussian distribution [173] and is not covered in this chapter. 
A phosphorus liquid diffusion profile in silicon and the enhanced mechanism is well 
explained by Jones et al. [174], shown in Figure 6.1. In brief, the diffusivity of phosphorus acts 
as a vacancy dominated diffusion from the lattice mismatch between phosphorus and silicon, 
where enough thermal energy enables phosphorus atoms to jump between vacancies. In heavily 
doped (X < X0) region, (𝑃𝑉)−  pairs (𝑃+  ions pair with 𝑉=  vacancies) are suppressed and 
proportional to the surface electron concentrations n. When X > X0 (n < 10
20 cm-3, the Fermi 
level is ~0.11eV from the conduction band), the dissociated 𝑉=  vacancies from (𝑃𝑉)−  pairs 
change their state with a decreased binding energy and enhance the vacancy flux to form the tail, 
mentioned by Fair and Tsai et al. [175]. The observed junction depth is therefore pushed deeper 




Figure 6.1 The example of a typical liquid diffusion profile in silicon [175]. 
6.2.3 Mathematical Models for Liquid Diffusion Profiles 
In the transfer matrix, a doping profile is sliced into several segments to form a joint matrix 
and calculate a complex THz transmission. The finer profile mesh can enhance the modeling 
accuracy but also represents a bigger complexity in data fitting process. Therefore, using proper 
models to reduce the fitting complexity is beneficial. Either process or mathematical models can 
be utilized in reverse algorithms. Process models utilize instinctive process conditions as inputs, 
where mathematical models generally re-write relative equations and perform them with 
mathematical outlooks. For the entire study of liquid diffusion profiles, the mathematical model, 
proposed by Wirbeleit et al. [163], is chosen in this chapter. To study the degeneracy problem in 
other profile shapes, different mathematical models are necessary. 
In Wirbeleit’s paper [163], logarithmic function diffusion (LFD, equation 6.7) model, 
which is a solution of Fick’s Law, is applied in the heavily doped region to depict the behavior of 
(𝑃𝑉)−  pairs. In low- and medium-dopant concentration regions, rational function diffusion 
(RFD, equation 6.8) model is employed to represent self-diffusion and kick-out diffusion 
processes. A superposition of these two models (LFD+RFD) is proven in the paper [163] to 
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successfully describe various liquid diffusion profiles with kink-and-tail features. The beauty of 
using mathematical models is to represent infinite data points by limited parameters. Four 
parameters (a1 (peak concentration) and x1 (kink location) in LFD model and a2 (kink 
concentration) and x2 (junction depth) in RFD model) are utilized to construct liquid diffusion 
profiles for the study of the degeneracy problem in the following sections. 
𝑁ℎ𝑒𝑎𝑣𝑦 = 𝑎 ∗ (𝑏 − ln[𝑒 + 𝑥]) + 𝑑                                             (6.7) 
𝑁𝑚𝑒𝑑𝑖𝑢𝑚,𝑙𝑜𝑤 = 𝑎 ∗ 𝑧
𝑛 + 𝑑; 𝑤𝑖𝑡ℎ 𝑧 =
𝑏−𝑥
𝑛−1
 𝑓𝑜𝑟 𝑛 ≠ 1                           (6.8) 
6.2.4 Sample Fabrication for Experimental Demonstration 
Although liquid diffusion profiles are studied in the entire modeling process, five distinct 
ion-implanted profiles are fabricated to experimentally display the existence of practical 
degeneracy under various profile features. The similar procedure, described in section 5.2.2, is 
applied here to produce these phosphorus profiles in bulk silicon wafers (N ~ 1015cm-3) instead 
of SOI wafers using 30keV implant energy, dosages 1×1015 / 2×1015 / 5×1015 / 1×1016cm-2 and 
drive-in time RTP (rapid thermal annealing, 1.5min) / 60 min. 50-70nm sacrificial SiO2 was 
grown to avoid the channel effect. Their SIMS (an upgraded Cameca IMS-4F from Qspec Inc.) 
profiles, shown in Figure 6.2, indicate much shallower junction depths (~300-400 nm) with only 
slightly kink-and-tail distributions in RTP samples and ~900 nm junction depth with a Gaussian 
distribution in the 60min sample. The kink-and-tail feature is expected to happen in certain 




Figure 6.2 SIMS measured P31 profiles from five distinct samples using bulk silicon substrates. 
6.3 Results and Discussion 
The modeling of the multiple degeneracy is limited in the reasonable profile window 
formed by the LFD+RFD model to aim at the practical application in the PV industry. In Figure 
6.3 (a), the feasibility of the LFD+RFD model is successfully tested by the ECV measured 
diffusion profile in a commercial mc-Si solar cell. In this reference profile, a1, x1, a2 and x2 are 
20.2, 0.04, 19.4 and 0.18, respectively. To explain the multiple degeneracy, 4 distinct profiles 
with individual change in model parameters is set up to observe the impact to the complex THz 
transmission. The multiple degeneracy occurs when the transmission difference between two 
arbitrary profiles reaches zero. Figure 6.3 (b) indicate the possibility of the multiple degeneracy 
by seeing a close complex transmission to the reference profile (profiles with changes in a2 and 
x2). The modeling frequency here is from 0 to 8 THz, covering regions from photoconductive 
antennas and air plasma techniques. Sometimes the complex transmission can also be performed 
as the power ratio and phase shift, shown in Figure 6.3 (c), to amplify its difference. The 

























































advanced study of the multiple degeneracy is started from the evaluation of the theoretical 
degeneracy. The transmission error is used in the entire modeling process through the equation 
6.9. 
𝑇𝑒𝑟𝑟𝑜𝑟 = ∑|𝑅𝑒(𝑡𝑖) − 𝑅𝑒(𝑡𝑟𝑒𝑓,𝑖)| + ∑|𝐼𝑚(𝑡𝑖) − 𝐼𝑚(𝑡𝑟𝑒𝑓,𝑖)|                         (6.9) 
 
Figure 6.3 Schematic of the fitting of liquid diffusion profiles using LFD+RFD model. In (a), the 
black curve is the ECV measured profile from a commercial mc-Si solar cell and the red curve is 
the fitting result using LFD+RFD model. In the reference profile, a1, x1, a2 and x2 are 20.2, 0.04, 19.4 
and 0.18. Four other profiles (green, orange, purple and pink curves) are example profiles with 
changes in a1, x1, a2 and x2. (b) compares simulated complex transmissions between the reference 
profile (red curve) and profiles with model parameter changes (green, orange, purple and pink 
curves). (c) shows the difference in power ratio and phase shift.  
6.3.1 Evaluation of Theoretical Degeneracy 
To not study just one example, another reference profile in the given window (a1=19.6 
a2=18.8 x1=0.08, x2=0.18) is utilized to study the theoretical degeneracy in the free space, coving 
individual parameter (1-D) to combined parameters (4-D) in sequence. 
6.3.1.1 Study in One Dimension 
a1 between 18.6 to 20.6, x1 between 0.05 to 0.15, a2 between 17.5 to 19.5 and a2 between 
0.13 to 0.23 are defined as the parameter window of the LFD+RFD model in the whole modeling 
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process. While simulating the transmission difference in individual parameter, other parameters 
are defined as the same value to the reference profile. In Figure 6.4 (a), a1 is swept in the given 
window to calculate the transmission difference to the reference point. The same procedure is 
applied to complete Figure 6.4 (b-d). The practical mesh size has been defined to guarantee the 
modeling accuracy, where 2.5nm is used in x1 and x2 and twenty segments are utilized in each 
order of a1 and a2. The mission is to not only verify the existence of the theoretical degeneracy, 
but also understand the sensitivity of individual parameter in a doping profile prediction. All four 
parameters indicate only one zero transmission difference at the reference point and the 
difference keeps increasing at both sides from the reference profile in the given window. Figures 
in the right column show how profiles change individually in the given window. The exclusion 
of the theoretical degeneracy is therefore confirmed from above observation. On the other hand, 
magnitudes of transmission differences (Y-axis) in a1, x1, a2 and x2 are 0→55, 0→16, 0→2.8 and 
0→0.9, respectively. Therefore the parameter sensitivity is expected to be a1 > x1 > a2 > x2. 
 


























































































Figure 6.4 Complex transmission error (the superposition of the difference of complex transmission 
to the reference point) vs a) surface concentration a1 in log b) penetration depth x1 c) kink point 
concentration a2 in log and d) junction depth individually. At the reference point, x2. a1, x1, a2 and x2 
are 19.6, 0.08, 18.8 and 0.18, respectively. 
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6.3.1.2 Study in Other Dimensions 
The continuous study starts from two dimensions and ends at four dimensions, covering 
the possibility from all four parameters. In two dimensions, six combinations (a1-x1, a1-a2, a1-x2, 
x1-a2, x1-x2, a2-x2) can be generated to study. The example investigation using a1-x1 (a2 and x2 are 
assumed to be 18.8 and 0.18) is performed in Figure 6.5 (a), where results in other combinations 
are similar. The theoretical degeneracy exists only by seeing another zero transmission 
difference other than the reference point in the given matrix. a1 from 18.3-20.3 as well as x1 from 
0.05 to 0.15 are defined to generate a transmission difference matrix with proper intervals (a1 
interval 0.1 and x1 interval 0.01 (10 nm)). Within this matrix, two locations with smallest but not 
zero transmission differences (a1-x1: 19.7-0.06 with difference 1.323, 19.5-0.11 with difference 
0.731) are found and zero difference is expected somewhere around these locations by searching 
in advanced. While zoom-in the area surrounding the point (a1-x1: 19.5-0.11) and varying x1 with 
0.1 to 1 nm as well as a1 with 0.01 to 0.0001 intervals, the difference keeps decreasing and the 
location with the smallest difference 0.163 is found eventually (see Figure 6.5 (a), Number 1 to 
5). The potential of finding zero difference is displayed through this sequence and there is no 
way to get a smaller value nearby that location. Therefore the conjecture is the exclusion of the 
theoretical degeneracy in two dimensions. 
Three dimensions involve the searching of zero transmission difference through the 
change of three parameters at the same time. In is observed that the location (a1: 19.5, x1: 
0.11445, a2: 18.79), which is nearby the last location in the two dimensions case, still give us a 
smallest but not zero difference (0.162) to exclude the theoretical degeneracy and the same result 
(0.156) is found at four dimensions case. Since the location (a1: 19.5, x1: 0.11445, a2: 18.79, x2: 
0.1799) already gives us the smallest difference at that area, we conjecture that the theoretical 
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degeneracy doesn’t exist in given space through above study. The relative profiles from 
parameters listed in Figure 6.5 (a) are shown in Figure 6.5 (b) for the reference. Two distinct 
profiles can potentially have a very close complex transmission but won’t be exact the same. 
 
Figure 6.5 Complex transmission error vs all four variables. At the reference point, x2. a1, x1, a2 and 
x2 are 19.6, 0.08, 18.8 and 0.18, respectively. (a) Example data points to indicate the sequence of 
finding another “zero error” point. The minimum error point is found at number 7 but still not 
zero. The theoretical degeneracy is therefore excluded. (b) All doping profiles generated from 
parameters in figure (a). 
6.3.2 Evaluation of Practical Degeneracy 
Although the theoretical degeneracy is excluded in the previous section, measurement 
noise always happens in the real life to mess up the accuracy of the prediction, called “Practical 
Degeneracy”. To deal with this uncertainty, the elimination of the measurement noise through 
THz-TDS optimizations and system developments is essential. The average measurement 
uncertainty between 0.3 – 1.3 THz through the repeated measurements gave us an idea to define 
the threshold value for the practical degeneracy. Laser type and daily condition, THz-TDS 
alignment, sample placement, humidity and so on are all possible reasons to cause this 
uncertainty. While considering a broader frequency bandwidth from 0 to 10 THz through the air 
plasma THz system, the threshold value is assumed around 3.7 in the later study. 




0.9 Number a1 x1 a2 x2 Error
1 19.50 0.11000 18.80 0.1800 0.731
2 19.50 0.11100 18.80 0.1800 0.581
3 19.50 0.11300 18.80 0.1800 0.297
4 19.50 0.11400 18.80 0.1800 0.183
5 19.50 0.11445 18.80 0.1800 0.163
6 19.50 0.11445 18.79 0.1800 0.162
7 19.50 0.11445 18.79 0.1799 0.156
8 19.50 0.11445 18.79 0.1750 0.186
9 19.50 0.11445 18.79 0.1720 0.212
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6.3.2.1 Study in One Dimension 
How the measurement uncertainty impacts the model parameter individually can be 
studied by scaling the area above the threshold value 3.7 in Figure 6.4. Parameter a1 shows the 
smallest impact by having most of the area above this value. For x1, the influence is bigger 
because the bigger area is already below this threshold value. Parameters a2 and x2 perform 
devastating impacts by not having areas survived from this value. This result tells us that the 
profile prediction is only feasible at heavily doped regions under current threshold value. 
Technology breakthrough and careful system maintenance are vital to extend the profile 
prediction to lightly doped regions. 
6.3.2.2 Study in Two Dimensions 
In two dimensions case, the value 3.7 is applied in all matrices of section 6.3.1.2 and four 
selected combinations are displayed in Figure 6.6 as representatives. Blue to green regions 
disclose profiles with transmission differences smaller than the threshold value, where red dot is 
the same reference profile. Parameters in orange regions, on the other hand, present detectable 
profiles under current threshold value. The slope of the band in the contour plot indicates the 
domination of the parameter in different combination and the slope of the valley shows the 
resolution of profile prediction. In a1 relative combinations (see Figure 6.6 (a)(b)), steeper valleys 
are observed in the a2, and x1 directions to confirm a higher resolution from the change in a1, 
compared to other two parameters. The narrow the band is, the better the resolution of profile 
prediction is. Each combination contains four figures to deliver the message. The bottom two 
figures identify the detectable profile boundaries under current threshold value in both axes. In 
the a1-x1 group, which represents the heavily doped regions, profiles outside the small enclosed 
area are detectable. In contrast, much bigger enclosed area in a2 (see Figure 6.6 (b)) shows a poor 
system resolution in the lightly doped regions. The same conclusion can be made by looking at 
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x1-a2 and a2-x2 groups, shown in Figure 6.6 (c-d). These two combinations also display the 
relatively poor resolution in the lightly doped regions. Therefore, the threshold value can 
determine the number of parameters to use and the lower concentration limit of the profile to 
distinguish in the inverse fitting process. Smart fitting algorithms, system breakthrough and 
optimizations are all essential helpers to eliminate the practical degeneracy. 
 
 











































































































































































































































































































































































































































































































































































































































Figure 6.6 Complex transmission error vs group variables. Four groups, a1-x1 (a), a1-a2 (b), x1-a2 (c) 
and a2-x2 (d), are chosen to represent and each group contains four figures. The threshold value 
(red circles) is determined as 3.7 based on the repeated measurement and errors above this value 
are defined as orange color. The upper two figures are contour and 3D plots, which indicate trends 
between transmission errors and group variables. The bottom-left figures show non-detectable 
profiles along with the change in the x-axis parameter and bottom-right figures are based on the 
change in the y-axis parameter. 
6.4 Experimental Demonstration of Practical Degeneracy 
Since the practical degeneracy is expected to exist in all kinds of profile shapes, five 
distinct ion-implanted profiles are used to experimentally demonstrate the practical degeneracy 
and its existence in various profile shapes. Figure 6.7 (a) displays the schematic of the 
experimental design and all profiles measured by SIMS are shown again in Figure 6.7 (b). 
Among these five profiles, the 5×1015 RTP is chosen sample as the reference profile (red dot) 
and 2×1015 60 min sample is expected to cause the practical degeneracy based on the TCAD 
simulation. Other three profiles should have transmission differences in the orange region. Figure 
6.7 (c) describes measured complex transmissions from all five samples up to 1.2 THz. Four 
RTP samples indicate that higher implanted dosages increase the THz absorption to reduce the 
complex transmission. On the other hand, the complex transmission from the 2×1015 60min 
sample performs a very close behavior (dark cyan curve) between 0.2 – 1.2 THz to the reference 
profile (black curve). The existence of the practical degeneracy is therefore proven. In Figure 6.7 
(d), successful predictions of complex transmissions on two selected samples are demonstrated 













































































through the comparison to THz measurements up to 1.2 THz. The same empirical refractive 
index library from Chapter 5 applied in the whole modeling process conjectures the accuracy of 
the simulation result to 8 THz. In 0.2 – 1.2 THz regions, the practical degeneracy exists on 
5×1015 RTP and 2×1015 60min samples (see Figure 6.7 (c)). Is it possible to break the practical 
degeneracy by just having broader bandwidth information? Figure 6.7 (e) shows simulated 
complex transmissions of all five profiles up to 8 THz. There is no significant shape change 
observed at higher frequency regions to break the practical degeneracy. The major difference still 













































































































































Figure 6.7 (a) The design of experiment of the demonstration of practical degeneracy using 5 
distinct profiles (b) SIMS measured profiles of all designed samples. (c) Measured complex THz 
transmission of all samples with frequencies up to 1.5 THz (d) Benchmark of THz measurements 
(solid lines) and Drude Model simulations (dash lines) on selected 1×1015 RTP and 5×1015 RTP 
samples. Drude model predictions agree with THz measurements well. (e) Simulated complex THz 
transmission of 5 samples with frequencies up to 8 THz. Measured and simulated complex THz 
transmissions agree to each other in the beginning 1.5 THz region. The small insets indicate the 
difference of complex transmissions from all samples to the reference sample 5×1015 RTP in 2 to 4 
THz regions. The difference between 5×1015 RTP and 2×1015 60min samples are much smaller than 
ones from other samples. 
6.5 Methods to Shrink or Break Practical Degeneracy 
After proving the existence of the practical degeneracy, the next step is to break or shrink 
the practical degeneracy. Except using just a transmission mode THz-TDS, the information from 
reflected THz measurements is taken into the consideration. In Fig. 6.8, simulated complex 
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reflections indicate a significant difference on 5×1015 RTP and 2×1015 60min samples. The 
zoom-in information in Fig. 6.8 (b) clearly displays this bigger difference, compared to a much 
smaller one in Fig. 6.7 (c). Although the major difference still come from the magnitude change, 
this preliminary simulation already brings us the attention to consider it as the way to break the 
practical degeneracy. This could be an important topic to study once a reflection THz system is 
set up in our lab. For now, it is expected that the practical degeneracy in the fitting process can 








Figure 6.8 (a) Simulated complex reflection of five samples to 8 THz.  Complex reflections between 
samples are unique. (b) Benchmark of zoom-in imaginary reflections between 5×1015 RTP and 
2×1015 60min samples at 6 to 8 THz regions. A detectable reflection difference can be observed. 

































































































In this chapter, liquid diffusion profiles with kink-an-tail features are mathematically 
modeled by the LFD+RFD model [163] to study the multiple degeneracy. Theoretical 
degeneracy happens to lead a wrong profile prediction when multiple profiles share the same 
complex transmission. Drude model [60], empirical ASTM [152], carrier mobility [165, 166] as 
well as the LFD+RFD model [163] are utilized to exclude the theoretical degeneracy but indicate 
the existence of the practical degeneracy from measurement noise. To prove its existence 
experimentally in different profile shapes, THz measurements were done on five distinct ion 
implanted profiles and a less than measurement uncertainty difference was found on 5×1015 RTP 
and 2×1015 60min samples. While using the LFD+RFD model, the sensitivity sequence of 
parameters is determined to be a1 > x1 > a2 > x2. Less sensitive parameters increase the difficulty 
to break the practical degeneracy. The repeated measurement indicate ~3.7 measurement 
uncertainty between 0-10 THz regions. Except the technology breakthrough and system 
optimization, the reflection mode system setup is simulated to create a detectable difference on 
5×1015 RTP and 2×1015 60min samples. Utilizing both transmission and reflection THz 
information could be the potential solution to break or shrink the practical degeneracy. 
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7 EXPERIMENTAL DEMONSTRATION OF DOPING 
PROFILE PREDICTION USING TERAHERTZ TIME 
DOMAIN SPECTROSCOPY 
After collecting all essential information and excluding the theoretical degeneracy, two 
conceptual demonstrations of the doping profile prediction are performed experimentally. In this 
chapter, the accuracy of the empirical refractive index library from Chapter 5 is firstly calibrated 
using various SIMS profiles, followed by the demonstration of the doping profile prediction in 
both destructive and non-contact manners, targeting the design of the stand-alone system and the 
in-situ process monitor. Two manuscripts (Part I & II) based on the revised content are under 
preparation and submissions are scheduled to the journal “Terahertz Science and Technology, 
IEEE Transactions on” in 2014.  
7.1 Introduction 
The original goal in this research is to achieve just a non-contact doping profile 
prediction using THz-TDS. Then the operation procedure from ECV motivated us to research the 
possibility of a destructive doping profile prediction, which might be an easier way to carry out 
the research goal using THz techniques. In the destructive measurement, both the carrier 
concentration and junction depth is determined with a potentially higher resolution than other 
existing techniques of measuring the same electrical profiles. The key component to succeed the 
destructive profile measurement is to own the capability of a controllable material removal. The 
anodic oxidation was incorporated in this chapter to perform the silicon removal layer by layer 
with a proven thickness control. Other competing techniques such as CMP can be alternative 
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options to consider. Since SIMS does such a good job in the destructive doping profile 
measurement, a cheaper system cost might be the only chance of using THz-TDS. However, the 
mainstream technique for a non-contact profile measurement is not solid yet. Currently in the 
industry the test key designed for the resistance measurement is used to monitor the diffusion 
and implant process electrically and people don’t really look at the real profile change in detail 
when a process variation happens. The profile estimation in the real time process monitor can 
greatly help engineers employ the process compensation in later stages, which motivates us to 
start-up this novel research using THz techniques. 
In previous chapters, we collected all essential information and excluded the existence of 
the theoretical degeneracy. The main task now becomes the conceptual demonstration of the 
final goal. Prior to that, the accuracy of the phosphorus refractive index library from Chapter 5 is 
cross checked and proven by various SIMS profiles. The new derived equation of modeling the 
complex transmission from the first two peaks is selected in the following demonstration since 
our real THz measurement only contains information from the first two peaks. The first 
experimental demonstration is done in a destructive manner. The promising result indicates that 
the anodic oxidation technique did a good job to remove silicon uniformly and the electrical 
doping profile was reversely constructed through the repeated determination of profile segments. 
In the non-contact profile prediction, the proposed fitting strategy was practiced using distinct 
SIMS profiles and close prediction results were successfully achieved on one chosen profile, no 
matter what initial guess profiles were used. Many following researches can be done to improve 
the fitting performance. The programming work as well as the development of commercial 




7.2 Material and Methods 
7.2.1 Sample Preparation and Anodic Oxidation 
The detail information regarding the sample preparation for the non-contact profile 
prediction has been described in Chapter 6. The doping profile for the destructive measurement 
was made in a regular silicon wafer (CZ, 475-575 μm, boron-doped, (100), 10-25 Ω-cm) with 
similar processes described in the section 4.3.1. The dosage 5×1015 atoms/cm2, energy 60keV 
and 1000 ºC RTP were adopted to create the unique profile feature. The resulting doping profile 
was confirmed by SIMS from Qspec Inc. as the black curve with ±5% measurement uncertainty, 
shown in Figure 7.1 (a). The schematic of the anodic oxidation system can be found in the work 
of Tiwald et al. [176] as well as Panagopoulos et al. [177] and the experimental setup is 
summarized below. The electrolysis cell consisted of a 500 ml electrolyte solution (90 % 
ethylene glycol (EG), 10 % deionized water (DI) and a salt, potassium nitrate of 0.5M) and two 
alligator clips. One clip from positive output of the constant voltage source was attached to the 
silicon (anode) sample, whereas another one was attached to platinum foil (cathode). Both 
electrodes were then immersed in the electrolyte to process the oxide growth. The solution was 
agitated during the whole process to increase the film uniformity. The oxide growth was 
determined by time, current and voltage applied. In the experiment, we controlled the power 
supply at constant voltage 120V and varied the time to achieve targeted oxide thickness. The 
result indicated that time spanning from 5-10 minutes resulted in oxide thickness from 50 nm – 
90 nm (~10 nm/min). To protect the back side of the specimen from oxidation, the sample was 
wrapped by another silicon sample with ~1.2 µm oxide during the whole process. Total thirteen 
cycles (20, 40, 60, 80, 100, 130, 160, 170, 200, 220, 240, 260 and 320 nm Si removal thickness) 
were done in separated samples, covering the thickness range from 20 to 320 nm with ~±2-8 nm 
thickness variation, detected by Rudolph IV Ellipsometer. The successful oxidation was 
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confirmed by seeing the sheet resistance change between samples, measured by CDRES MAP 
(see Figure 7.1 (a)). Oxide films was then removed by the buffer oxide etch (BOE) solution 
(ammonium fluoride, hydrofluoric acid in 10:1) to start the THz measurement. The schematic of 
achieving a cycle etched THz measurement is described in Figure 7.1 (b). 
 
Figure 7.1 (a) Anodic oxidation thicknesses vs Rs (Ω/sq) of all 13 cycles with ~±2-8 nm thickness 
uncertainty. Black curve indicates the as-implanted profile measured by SIMS. (b) Schematic of the 
destructive doping profile construction. 
7.2.2 Equation for the Accurate Estimation of Complex THz Transmission 
In our THz measurement, the typical time region is selected from -10 to 35 ps, covering 
the main absorption peak and 1st internal reflection peak. The introduced equation in section 
2.3.3 calculates the THz transmission by assuming the information from an infinite time region. 
To precisely describe the information from a real measurement, a new equation to simulate the 
THz transmission from the first two peaks was derived based on the equation for the infinite 
peaks and is displayed in Figure 7.2. Its mathematical derivation in detail is summarized in the 
appendices. In the new equation, the formula for THz transmission in individual peak is derived 
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 represents the transmission from the 
1st internal reflection peak. Air scan is adopted as the reference 𝐸0̌ in this equation to calculate 
the transmission ratio. While working on the DFT, a time region containing only two peaks 
needs to be defined carefully. Similar like the single peak equation in section 5.2.5, two steps 
process is required in the whole calculation. 𝑛𝑠𝑢𝑏 needs to be determined firstly in the step 1 and 
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to obtain the following 2nd, 3rd …to infinite transmissions by adding terms to represent extra 
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Figure 7.2 The new derived equation to calculate the THz transmission from a THz measurement 




7.3 Results and Discussion 
The accuracy of the empirical refractive library is firstly calibrated through the new 
derived equation and then used in the entire demonstration to estimate the performance of the 
doping profile prediction. 
7.3.1 Calibration of Empirical Refractive Index Library 
An accurate refractive index library directly determines the profile prediction 
performance and its resolution. To process the library calibration, various SIMS measured 
doping profiles and the empirical library are utilized to calculate the complex THz transmission 
from the transfer matrix through the forward simulation and resulted transmissions are 
benchmarked with their THz measurements to evaluate offset levels. Figure 7.3 sketches 
complex transmissions and power ratios between the THz measurement and library prediction 
from four different samples. Compared to the measurement uncertainty studied in Chapter 6, 
offsets between library predictions and THz measurements in Figure 7.3 (e) are all acceptable in 
four profiles. One interesting observation is that complex transmissions in lighter THz absorption 
profiles switch their shapes in heavier THz absorption profiles (the shape of the real part 
transmission in Figure 7.3 (a) and the imaginary part transmission in Figure 7.3 (c) are alike) but 
the behind theory is not clear yet. On the other hand, the power ratio difference between 5×1015 
RTP and 2×1015 60min samples looks bigger than that in Figure 6.12. This offset can be 
reasonably interpreted by the measurement uncertainty. Since the library predicted complex 
transmission is so close to the THz measurement, we conclude that the accuracy of the generated 




Figure 7.3 (a-d) THz complex transmissions from four distinct profiles chosen in Figure 6.2. Black 
curves are from THz measurements and red curves are from the library predictions (e) Power 
ratios from the same profiles by taking superposition of the square of the complex transmission. 
7.3.2 Experimental Demonstration of Destructive Profile Measurement 
For the destructive profile construction, the utilized frequency bandwidth is limited to 
around 1.2 THz in our photoconductive system and can potentially be extended to 8 THz using 
the plasma system. The THz measurement and data analysis were done on all thirteen samples to 
construct the profile but only selected six samples with 20, 60, 100, 160, 220 and 320 nm Si 
removal thicknesses to clearly deliver the main message. In the as-implant profile, the peak 
concentration and junction depth are about 4×1020 cm-3 and 0.45 µm, respectively. The 60keV 
implant energy drove phosphorus atoms into a deeper location and caused the bump shape in the 
heavily doped region during the annealing process. After 320 nm Si removal, the peak 
concentration is reduced to ~3×1017 cm-3. The SIMS measurement performs a higher substrate 
concentration at 3×1015 cm-3 due to the detection limit and sheet resistance measurement gave us 
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~1.2×1015 cm-3 estimated substrate concentration. We finally decided 1.2×1015 cm-3 as the 
substrate concentration in the following data analysis process. 
Figure 7.4 shows the THz radiation change in the time domain from six chosen samples, 
which demonstrate again the profile recognition ability reported in our previous work [178]. 
Along with the removal of heavily doped regions, the amplitude of THz radiation increases as a 
function of oxidation thickness. Compared to the silicon substrate, the as-implant profile (black 
curve) absorbs 75.35% THz radiation by calculating the amplitude change from the main 
absorption peak. The amplitude increasing in the main absorption peak compared to the as-
implant profile are 7%, 52%, 96%, 322%, 365%, and 376% in all six samples, which were 
corresponding to the Si removal thickness of 20 nm, 60 nm, 100 nm, 160 nm, 220 nm, and 320 
nm, respectively. The 1st internal reflection peak is observed to have a bigger shape distortion but 
smaller amplitude change, which results from the ×3 traveling patch inside the sample. The peak 
amplitude not only increases with the Si removal but also shifts its location to the right while 
removal thickness is > 160 nm. Data in the time domain helps us recognize the profile change to 







Figure 7.4 THz measurements in time domain from six chosen samples. 
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The previous work [178] indicates that each doping profile has an unique dispersion 
(different phase shift between different frequencies) and also unique patterns of internal 
reflection for different frequencies. These factors together result in a unique transmission 
spectrum in some ways similar to fingerprint. It is these considerations that make the power 
transmission ratio in the frequency domain a very sensitive indicator of doping profile change. 
This specialty motivates us to predict a doping profile using frequency domain information. Two 
strategies, reverse mapping and weighted average, are given as examples to demonstrate a 
destructive doping profile construction. The detail analysis procedure is illustrated in Figure 7.5. 
In this particular demonstration, air scan is defined as the reference for the calculation of 
complex transmission (also power ratio and phase shift). The detailed interpretation of above two 
strategies is discussed in the following sections. 
 
Figure 7.5 Diagram of destructive doping profile mapping, including the sequence of reverse 
mapping and weighted average. 
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While receiving samples with unknown doping profiles, the anodic oxidation technique 
can be applied either on the same sample location with fixed thickness removal or different 
wafer places with individual thicknesses targeted. A better thickness control and less THz 
measurement uncertainty are expected using the 1st option but in this conceptual demonstration 
the 2nd option was adopted to save the time for the sample preparation. The THz measurement 
usually consists of an air, Si substrate and sample scan. The air and sample scan are used for the 
doping profile construction in each cycle and the Si substrate scan is used as a reference to detect 
the junction depth. The profile junction is determined when there is no obvious difference found 
in THz measurements between the sample and the Si substrate. The residual doping profile is 
considered to be optically invisible and treated as the substrate area. Based on the empirical 
refractive index information, the residual profile induced THz absorption should be negligible. 
The etched silicon thickness is typically estimated from the measured SiO2 thickness with a fixed 
ratio 0.46 multiplied and its accuracy is essential to the concentration determination of profile 
segments. The information of the bulk substrate concentration and thickness is vital to know 
prior to the profile concentration and relative study  can be found in the previous work [179]. 
The profile construction process starts from the last etched sample and ends up with the as-
implant sample. This is where the name “Reverse Mapping” comes from. In the backward 
prediction process, the profile segment predicted in the “(n+1) th” cycle sample is used as the 
basis to estimate the concentration of the next segment in the “n th” cycle sample. 
Concentrations of all profile segments are determined by approaching a minimum complex 
transmission difference (also power ratio and phase shift) between the THz measurement and the 
prediction from the transfer matrix. 
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In below conceptual demonstration, the substrate concentration is ~1.26×1015 cm-3 from 
CDRES MAP, the substrate thickness is 523 µm and the modeling region is 0.5 µm, covering the 
profile junction depth from SIMS. 25 segments with 20 nm width in each slice are used in the 
modeling process. Figure 7.6 shows that power ratio differences in all six samples are close 
enough and smaller than the measurement uncertainty [178] by adjusting additional profile 







































































































































































































































































Figure 7.6 The step-by-step demonstration of the reverse mapping method using six chosen samples. 
Differences between power transmission ratios and THz measurements are smaller than the 
measurement uncertainty. 
Reverse doping profile mapping is a straight forward method to construct a doping 
profile but the result might be greatly impacted by accuracies from initial cycles. Since the 
detection resolution in a THz-TDS is relatively poorer in the lightly doped region than the 
heavily doped one, the weighted average idea is an alternative option to potentially smooth such 
effect with only slightly change in the profile fitting process. 
In the weighted average process, it doesn’t matter we process the profile fitting process in 
a forward or revere sequence. Each case experiences its own profile fitting process and the final 
profile is achieved through a data average by the use of a weighted table. Since the most etched 
sample should experience the maximum number of THz measurements (if the 1st option is 
adopted), a heavier weighting value is assigned during the average process (see appendices). In 
the below demonstration, the generalized triangular number series is applied to generate 
weighted values 𝑤𝑖,𝑗 (see equation 7.1) in the weighted table. This series is tried as an example 
and other mathematical series are alternative options. Depend on the THz scan number and the 
segment number in a profile, weighted values can be varied. 
























































                                                                (7.1) 
The weighted average method requires an initial guess profile to start the process. This 
guess profile can either come from process simulators or previously known profiles under the 
same process conditions from other characterization techniques. Different from the reverse 
mapping method, all profile segments are allowed to vary in the weighted average process. 
People can either fit all sample profiles in parallel using the same initial guess profile or fit next 
sample profile by utilizing the initial guess profile from the previous fitting result. We took the 
SIMS measured profile as the initial guess profile to approach THz measurements from all cycles. 
Over here the modeling region, substrate thickness and concentration are the same to the 
previous reverse mapping demonstration. In Figure 7.7, initial guess profiles in six demo samples 
are moved up and down to achieve minimum power ratio differences by multiplying various 
ratios. The substrate is kept constant in all samples during the modeling process. These fitted 
profiles are then multiplied by weighted values and averaged to construct the final profile 
prediction. 
 

















































































































































































































Figure 7.7 The step-by-step demonstration of the weighted average method using six chosen 
samples. Power transmission ratio differences to THz measurements are smaller than the 
measurement uncertainty. 
For simple doping profiles, following Gaussian or complementary error function (erfc) 
distributions, peak concentrations can be readily calculated from sheet resistances (Rs) by the 
well-known Irvin’s curves [180]. In Figure 7.1 (a), we observed that Rs increases with the Si 
removal. What would be the result if the sheet resistance measurement is combined with the 
cycling Si removal process to reversely predict a doping profile? In the practice, the n-type 
Gaussian Irvine’s curve with substrate concentration of 1015 cm-3 is selected to determine peak 
concentrations from all cycle samples through their Rs measurements. Multiplying Rs with 








































































































corresponding junction depth gives us the RsXj value to estimate the surface concentration. 
Finally, plotting these surface concentrations to junction depth yields the approximated doping 
profile, shown in Figure 7.8. 
 
Figure 7.8 Benchmark of destructive doping profile construction: Reverse Mapping vs Weighting 
Average vs Irvin Curves Rs. 
Constructed doping profiles from reverse mapping, weighted average and Irvin Curves 
methods are benchmarked with the SIMS measured profile in Figure 7.8. It is clear to see that 
profiles from reverse mapping and weighted average methods are in an acceptable agreement. 
Compared to the SIMS profile, their profile concentrations are lighter in heavily doped regions 
but much closer in moderate and lightly doped regions. This phenomenon is pretty reasonable by 
considering the difference between a chemical doping profile and an electrical doping profile. 
Many literatures indicate that inactive dopants are typically created in a diffusion process or an 
ion implanted process with inserted dosage higher than the solubility limit and the induced 
profile difference was studied using ECV and SIMS [2, 181]. The profile difference in Figure 7.8 
pinpoints the same mechanism since THz-TDS is doing an electrical doping profile prediction. In 
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the small inset of Figure 7.8, the black curve represents the sample THz measurement, not the 
model prediction from the SIMS profile. Therefore, these profile predictions are proven to be 
reasonable from the THz spectrum point of view, which represents the electrical performance in 
THz regions. 
As we expect, the profile prediction from Irvine’s curves doesn’t give us a good profile 
agreement. The technique is typically applicable if junctions are reasonably deep and not easy to 
deal with profiles with shallow junctions. Furthermore, if the concentration profile is non-ideal 
(i.e., it is not of either Gaussian or complementary error function form), incorrect or inconclusive 
results will be obtained. In the current industry applications, which work on shallow junction 
profiles most of the time, the profile prediction using Irvine’s curves might not be in the top of 
the selecting list. 
7.3.3 Experimental Demonstration of Non-Contact Profile Prediction 
In this section, we continue the conceptual demonstration in a non-contact manner and 
the process flow of the prediction procedure is shown in Figure 7.9. Once the power ratio and 
phase shift from complex transmission are obtained from a THz measurement, the reverse fitting 
process comes into the play to predict a doping profile. In Chapter 6, we already know that 
different profile shapes might give similar frequency behaviors (profile degeneracy) to mess up 
the profile prediction. Therefore, an initial guess profile is a key component in the reverse fitting 
process to tell where to start. During the reverse fitting process, the initial guess profile is input 
into the transfer matrix to generate the 1st run complex transmission and then calculates the 
complex transmission difference through the subtraction to the THz measurement. The complex 
transmission difference is then brought to zero through the repeated profile changing process. 
Process simulator, mathematical model and known SIMS profile from past process condition are 
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proposed choices to get the initial guess profile. A rough idea of the profile shape is then given 
for the later fitting process. During the reverse fitting process, either doping profile or 
mathematical parameter can be selected to approach. Different ways to generate the initial guess 
and targets in the reverse fitting create six combinations to predict a doping profile. Two 
examples, process simulation and SIMS profile combined with directly profile fit, are 
demonstrated in later sections. 
 
Figure 7.9 Diagram flow of a non-contact doping profile prediction. 
Four distinct profiles from Chapter 6 (1×1015 cm-3 RTP, 2×1015 cm-3 RTP, 5×1015 cm-3 
RTP, 2×1015 cm-3 60mins) are utilized and the demonstration starts from the generation of an 
initial guess profile using mathematical models. Algebras are used in mathematical models to 
determine the profile feature and interpret physical mechanisms. One example is the LFD+RFD 
model [163], proposed by Frank Wirbeleit et. al, to depict liquid diffusion profiles with kink-
and-tail features. Four major parameters a1, x1, a2 and x2 represent peak concentration, kink 
position, kink concentration and junction depth, respectively. In Figure 7.10 (a), the same model 
is practiced on our mc-Si wafer with a commercial PV diffusion profile and achieves a good 
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fitting result. However this model is also proven to not adequately deal with ion implanted 
doping profiles in c-Si wafers (Figure 7.10 (b-d), red curves). The observed discrepancies can be 
interpreted by two major reasons. First, the enhanced diffusion induced kink-and-tail feature in 
single and multi-crystalline silicon (PV) could be different, where the feature can be promoted 
by grain boundaries and crystal dislocations. Second, the enhanced diffusion in ion implanted 
profiles comes from not only the thermal budget utilized in the liquid diffusion profiles, but also 
the ion implanted damage cluster. This practice indicates that different models are required to 
cope with different physical mechanisms induced profile features. 
Different from the liquid diffusion process, enhanced diffusion in the ion implantation 
process mainly comes from an athermal generation of interstitials and vacancies through the 
collisional displacements of lattice atoms. Between the dosage levels 5×1012 cm-2 to 1014 cm-2, 
interstitial clusters from the implantation damage form unstable (311) defects, containing excess 
Si interstitials. Above this threshold level, some (311) defects are reformed to stable Frank loops 
and perfect dislocations [182]. Upon annealing, clusters emit point defects (excess Si interstitials 
and vacancies) and couple with dopants to diffuse into the bulk. These point defects, called 
Frenkel pairs, can result in diffusivities several thousand times great greater than the normal 
diffusibility, depending on the annealing temperature. Stable Frank loops and perfect 
dislocations will change the interstitial injection. The “+1 model” indicates that the imbalance in 
interstitial and vacancy concentration from implanted dopants is approximately equal to the 
excess Si interstitial number. Shishiyanu rephrased the mechanism of enhanced diffusion form 
the energy point of view [183]. Clusters (deformed molecules) decrease the defect energy 
formation in the crystal lattice of semiconductors to achieve the enhanced diffusion. 
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Instead of having mathematical parameters to bridge equations to profile features, process 
simulator utilizes intuitive process parameters to provide the initial guess profile. Different 
models from past researches are built inside process simulators like TCAD to predict profile 
features under various process conditions. In Figure 7.10 (b-d), the example “Stanford Full 
Coupled Model” [182, 184] is tried and proven to give close profile features to the ion implanted 
profiles (blue curves) with close input process parameters, shown in Table 7.1, to the real process 
conditions. The major advantage of the process simulation is the convenience for the real-time 
process monitor from intuitive process parameters. 
 
Figure 7.10 Profile fitting results from the mathematical LFD+RFD model (red curves) and the 
SILVACO built-in process model (blue curves) and the benchmark to the mc-Si diffusion profile 
and c-Si ion implanted profiles. 
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4) Table 7.1 Process parameters used in the process simulator and practical operation. 
Except model predicted profiles, initial guess profiles under various process conditions 
can also be generated through existing metrologies such as ECV and SIMS. Using these 
measured profiles has two advantages. First, empirical features from measured profiles give 
better starting points to predict accurate doping profiles, even though the reverse fitting 
algorithm is not complicated. Second, different process tools usually perform slightly different 
process features as their own footprints under the same process condition. There is no way for 
model predicted profiles to contain such detail knowledge but measured profiles. Therefore, 
measured profiles are expected to achieve better profile predictions. However, the major 
advantage of this method is the requirement of the costly database. In the below demonstration, 
SIMS measured initial guess profiles are utilized as examples to benchmark the prediction 
performance from the process simulator. The effect between the chemical and electrical profile 
are also taken into the consideration. 
As we described before, the reverse fitting process keeps changing the guess profile until 
detecting a minimum difference to the measured power ratio and phase shift. Under this logic, 
various advanced algorithms can be developed and one strategy is proposed here as an example.  
1 2 3 4
Oxide Thickness (nm)
Implant Energy (keV)
Implant Dose (cm-2) 1015 2x1015 5x1015 2x1015
Drive-in Time (min) 60
Drive-in Temp (C)
Oxide Thickness (nm) 60 60 65 55
Implant Energy (keV) 30 30 30 30
Implant Dose (cm-2) 1015 2x1015 5x1015 2x1015
Drive-in Time (min) 2.5 2 1.5 65














No matter what initial guess profile we choose, either a smaller or bigger complex 
transmission to the one from the unknown profile can be achieved. In Figure 7.11, these two 
cases are listed in step 1 as the starting point of the fitting process. Initial guess profiles in each 
case can be either with or without intersections to the unknown profile. In step 2, these initial 
guess profiles are multiplied by constant ratios to shift up and down and roughly approach 
minimum transmission differences to THz-TDS measured complex transmissions. The goal over 
here is to make profile intersections without shape changes. Since refractive indices in heavily 
doped regions are much higher than moderately and lightly doped regions, shifted guess profiles 
with higher heavily doped regions than unknown profiles always own smaller complex 
transmissions. Then the proposed algorithm comes into play to drive the transmission difference 
as small as possible, shown in step 3. This fine tuning algorithm basically does the profile 
rotation to pursue a minimum complex transmission. Profile segments are divided into two 
groups and two segments from each group are selected in pairs to optimize with proper step 
sizes. When the segment from group one in moved either up or down or no change, the 
corresponding segment in group two is moved simultaneously to determine the combination with 
a smaller transmission difference. The profile rotation is then achieved by repeating above 
process from individual segment pairs. Unless the predicted profile has regions > 1020cm-3, the 
final profile prediction is determined in step 3. The additional step 4 is used only to refine the 
profile with inactive dopants in heavily doped regions, which are typically seen in electrical 
profiles from the diffusion process and ion implantation process with highly inserted dosages. It 
is because that initial guess profiles we proposed above are all chemical profiles. In step 4, 
regions above the dopant solubility are assumed to be flat to form a new initial guess profile and 
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then the same fine tuning algorithm is repeated again to achieve a new profile prediction with a 
minimum transmission difference. 
 
Figure 7.11 The proposed strategy to reversely predict a doping profile (red curve). The black 
curve is the targeted profile. In step 1, initial guess profiles are generated from above three methods. 
In step 2, a profile intersection is achieved by shooting a roughly minimum transmission difference. 
In step 3, the final prediction is achieved by approaching a smallest transmission difference. The 
step 4 is utilized with the consideration of inactive dopants. 
Since we don’t have a mathematical model to properly describe ion implanted profiles 
yet, initial guess profiles in the demonstration are based on the process simulation and known 
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SIMS profiles. The strategy in Figure 7.11 is implemented to approach profiles in Figure 7.10 
with various initial guess profiles. In Figure 7.12, profile predictions (green curves) indicate that 
using TCAD simulated initial profiles can potentially achieve close predictions to the SIMS 
ones. With proper selections of process parameters and models, initial guess profiles can be 
somewhere close to the target (unknown) profile. In Figure 7.12 (a)(c), initial guess profiles in 
1×1015 and 5×1015 RTP samples already have intersections to their SMIS profiles (assume to be 
unknown) before doing step 2. Even under this situation, there is no change in the fitting strategy 
and these guess profiles just provide better starting points. In Figure 7.12, black, red and green 
curves represent SIMS measured profiles, initial guess profiles and final fitting results, 
respectively. Their complex transmission changes are performed next to the profile figures. It is 
observed that power ratios from final predictions (green curves) are close to THz measurements 
(black curves) and less than the measurement uncertainties are achieved after the fitting process. 
The predicted profiles also change shapes to be closer to their SIMS ones. The Gaussian shape 
profile (2×1015 1hr), which contains less features, is observed to be fitted easier. Profile 
mismatches in the moderate and lightly doped regions of 1×1015 and 5×1015 RTP samples are 
larger than those in heavily doped regions and can be improved in advanced by optimizing the 
fitting strategy. Based on the demonstration from three distinct profiles, the proposed strategy is 
proven to be conceptually feasible using initial profiles from the process simulation. In the 
1×1015 RTP example, transmission ratios decrease to 0.841277, 0.416683 and 0.411793 in step 1, 
2 and 3, respectively. In the fitting process, only profile segments > 1016 cm-3 are chosen to 
participate the modeling and two groups are defined at ~1/3 profile location. Three constraints, 
monotonic decrease, > 1016 cm-3 segment concentration and stopping point at 0.41 transmission 
difference, are defined to eliminate unwanted solutions. In 2×1015 and 5×1015 examples, stopping 
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points are lower (~0.22) due to their smaller transmission differences. The correlation between 
complex transmissions and stopping points requires more practical profiles to study. Among 
three studied cases, only the example of 5×1015 RTP involves the step 4 by taking inactive 
dopants into the consideration and the flat region above 1020 cm-3 is observed in the final 
prediction. Not only differences between chemical and electrical doping profiles, but also the 
effect of electrons in impurity bands could induce profile differences to SIMS ones. Therefore, 
predicted profiles from a THz-TDS should be treated as “THz” doping profiles, which will be 





































































































































Figure 7.12 Demonstration of doping profile prediction using the strategy in Figure 7.11 and initial 
guess profiles from TCAD. The inactive dopant effect is only considered in the 5×1015 RTP example. 
The same strategy described in above section is continuously applied using known SIMS 
profiles as initial guess profiles and results are shown in Figure 7.13 using 1×1015 and 5×1015 
RTP samples. The common initial guess profile is given from the previous known SIMS 
measurement of the 2×1015 RTP sample. A similar observation to Figure 7.12 can be concluded 
over here. However, final predictions here are even closer to SIMS measurements under the 
same level power ratio differences, compared to ones in Figure 7.12. Subtle profile features are 
proven to be better predicted by utilizing known SIMS profiles as initial guess profiles. 
 
 



































































Figure 7.13 Demonstration of doping profile prediction using the strategy in Figure 7.11 and the 
initial guess profile from the SIMS profile of 2×1015 RTP sample. The inactive dopant effect is only 
considered in the 5×1015 RTP example. 
As we described in the step 1 of Figure 7.11, initial guess profiles are generally divided 
into two cases. In the Figure 7.12 and 7.13, we have demonstrated two typical profiles in case 1 
on the 1×1015 sample. Over here we continue the demonstration using typical profiles from case 
2 on the same 1×1015 RTP sample to benchmark the prediction performance of the proposed 
strategy. Typical initial profiles from two cases are displayed in Figure 7.14 (a) and their final 
predictions are summarized in Figure 7.14 (b). In Figure 7.14 (a), initial guess 1 and 2 are the 
same as ones in Figure 7.12 (a) and Figure 7.13 (a). It is observed that final predictions from 



































































































































various initial guess profiles could be close to each other with the same level transmission 
differences (0.411793, 0.413176, 0.414471 and 0.410429) under the same fitting process. On the 
other hand, four final predictions are slightly different but have a better overlapping in heavily 
doped regions to reflect a better resolution. In conclusion, the proposed strategy did a good job to 
process a non-contact doping profile prediction. 
 
Figure 7.14 Reverse doping profile prediction on the 1×1015 cm-2 RTP sample using 4 guess profiles 
from two cases described in the step 1 of Figure 7.11. Two guess profiles in case 1 have been 
demonstrated in Figure 7.12 and 7.13. Another two guess profiles in case 2 are new made ones for 
the continuous demonstration. 
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We experimentally demonstrated that the transmission mode THz-TDS can be used to 
map the phosphorus doping profile electrically in a non-contact manner. Compared to other non-
contact techniques, the profile we generated has the advantage of reflecting a more accurate 
electrical performance in THz regions. Using the new derived equation and empirical refractive 
index information, the estimated power transmission ratios match well to the THz measurements 
with acceptable measurement uncertainties. There is no omnipotent model to cover various 
initial guess profiles. To deal with the specific effect from the ion implantation process, the 
“Stanford Full Coupled Model” and known SIMS profiles are adopted as initial guess profiles in 
the reverse fitting process and prove a better feature prediction using known SIMS profiles. The 
strategy is Figure 7.11 is proposed to approach an unknown profile as close as possible and its 
feasibility is demonstrated using three various profiles. From the system design point of view, a 
THz-TDS can be designed as a monitor metrology right after the diffusion or ion implantation 
process stage and feedbacks the real-time measured change for the process parameter 
compensation. 
We also demonstrated that the transmission mode THz-TDS combined with the anodic 
oxidation technique can be used to map the phosphorus doping profile electrically in a 
destructive manner. The experimental result indicates that estimated power transmission ratios 
match well with the THz measurements in all cycle samples. From the system design point of 
view, other techniques, which own the same or even better thickness resolution, can be 
considered as alternative options. Reverse mapping and weighted average are two proposed ideas 
demonstrate the doping profile construction. The reverse mapping uses a straight forward 
concept to construct a doping profile in a reverse sequence. The result indicates a significant 
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discrepancy in heavily doped regions, which can be interpreted by the effect from inactive atoms. 
The weighted average concept also achieves a closer profile prediction to the SIMS 
measurement. However, the profile construction from Irvine’s curves doesn’t show a comparable 
performance due to the improper assumption. The relative stand-alone system can be designed to 
measure the doping profile remotely like other destructive techniques. The transmission mode 





In this dissertation, the psychological journey of the silicon doping profile measurement 
using a typical terahertz time domain spectroscopy is lucidly displayed from the bottom-up. 
Compared to existing destructive and developing non-contact techniques, this new approach 
opens the doors of in-situ process monitor and stand-alone profile characterization, which are 
urgent to industries [104]. Chapter 1 and 2 principally describe a whole picture of this research 
by listing the pro’s and con’s of existing techniques, reviewing the historical development of 
THz technique as well as usages in semiconductor fields and introducing theories required for 
this research. Contributions and extensions from this research are summarized individually in 
Chapter 3 to 7, followed by the current research status and future work. 
8.1 Silicon Thickness Determination using THz-TDS 
Chapter 3 explored resolutions of all indices from a time-domain THz measurement to 
determine the thickness in a lightly doped silicon wafer. The research motivation of this 
fundamental study originated from the utilized transmission mode THz-TDS, the bulk silicon 
wafer and the transfer matrix method. To identify accurate resolutions, signal-to-noise ratio and 
measurement uncertainty of lab setup THz-TDS were characterized in detail to calculate relative 
standard variations. Resolutions were summarized in Table 3.2 and the frequency shift of Fabry-
Pérot resonant peak is chosen in the following researches due to its sub-micron resolution. 
Similar studies, which are close to this topic, are generally found regarding the 
measurement uncertainty, thickness determination on various materials or industrial 
implementation using cost-effective photo-mixing system. However, none of them performed the 
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same systematic study like us in lightly doped silicon. The work in Chapter 3 establishes the 
standard procedure of studying the resolution limit of thickness determination for various 
materials. Different resolutions are expected on other materials due to their intrinsic refractive 
indices. Chapter 3 limits the study using the transmission mode system and neglects the index 
dispersion. Studies on materials containing frequency-dependent index dispersion could be 
extensions to research. 
8.2 Silicon Doping Profile Recognition using THz-TDS 
The work presented in Chapter 4 concentrated on the demonstration of silicon profile 
recognition using THz-TDS. The definition of the word “recognition” indicates the necessity of a 
reference (golden) profile in the practical application. This conceptual study displayed the 
recognition ability in distinct n/p-type doping profiles and presented a detectable THz absorption 
under the slightly changed process condition. On the other hand, the ability to overcome the 
surface morphology and replace four-point probe technology were also presented physically. The 
immediate thought to this result is the application of an in-situ process monitor. 
This topic was not investigated in deep since our main focus is the doping profile 
prediction. Therefore, the actual resolution of profile recognition, the way to utilize information 
in the 2nd peak and the absorption differences in other dopants were left as future work. Since the 
2nd peak information results from the combination of both silicon wafer and GaAs chip in the 
THz emitter with a close thickness (~500µm), the pure information in the frequency domain can 
be obtained using a thinner silicon wafer (say 200-400µm). Chapter 4 not only succeeds the 
fundamental study towards to the final research, but also achieves the practical industrial 
application: in-situ process monitor. This promising result gave us the confidence to 
continuously research the final research goal. 
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8.3 Phosphorus Refractive Index Extraction using THz-TDS 
The work presented in Chapter 5 focused on the strategy and display of phosphorus 
refractive index from 0.2 to 8 THz in carrier concentration levels 1015 cm-3 to 2×1020 cm-3 under 
a room temperature measurement. Until now, experimental phosphorus refractive index > 1019 
cm-3 in regions has not been reported due to the survival of THz radiation in heavily doped and 
thick samples as well as the shortage of practical motivation. The SOI wafer builds up a paragon 
to study materials with high THz absorption in the transmission mode system. This analytical 
strategy can be applied to different dopants in various semiconductor materials. 
The specialty of this topic was the effort we put to pursue the data accuracy. Data from 
two THz systems in two different labs showed a perfect agreement (overlap) to each other. On 
the other hand, carrier concentrations in all seven samples were checked carefully by four 
different characterization techniques (five tools) from four specific places. The extracted 
refractive index surprisingly follows the classic Drude Model prediction but has a small offset. 
This offset motivated us to study the underground mechanism, which is beyond our 
original purpose, and found the reasonable interpretation from the impurity band theory 
(electrons in the impurity band have heavier effective masses) and THz emissions. Our data 
suggests the initial observation of this effect at room temperature and the change under a 
temperature cooling process could be future work to study. 
Chapter 5 demonstrates an analytical strategy to collect phosphorus refractive index 
in THz regions. The result not only provides the key information to our final research, but 
also opens the door of the impurity band study using THz-TDS. 
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8.4 Non-Contact and Destructive Doping Profile Prediction using THz-TDS 
Chapter 3-5 have collected vital information through intensively fundamental studies. 
Prior to the experimental demonstration in Chapter 7, the numerical simulation was done in 
Chapter 6 to study the problem of multiple degeneracy in detail. 
In Chapter 6, all empirical equations other than theoretical models applied for the doping 
profile prediction were introduced, followed by the study of multiple degeneracy problem 
through the numerical simulation. Fortunately we don’t have the theoretical degeneracy to totally 
destroy our final research goal but the practical degeneracy do cause the potential of fake 
solutions. The existence of the practical degeneracy was also experimentally demonstrated by 
five ion implanted profiles. Chapter 6 mainly excludes the existence of the theoretical 
degeneracy, which leads the failure of the whole research. To shrink or break the practical 
degeneracy, complex THz reflection would be helpful information to use. 
In Chapter 7, two conceptual demonstrations were performed to achieve a non-contact 
and destructive doping profile prediction using THz-TDS. The calibration of the refractive index 
library from Chapter 5 was firstly proven using distinct SIMS profiles. Then this library and the 
“ML-Two Peaks” equation were applied in the transfer matrix to predict doping profiles 
experimentally. In the demonstration of the destructive profile prediction, the anodic oxidation 
process showed the ability of an uniform silicon removal and outstanding thickness control. 
Changes of THz radiation in all cycles were accurately predicted and the reversely constructed 
doping profile matched its SIMS measurement very well. From the system design point of view, 
any technique with an outstanding Si removal control can be incorporated. In the demonstration 
of the non-contact profile prediction, both known SIMS profile and process simulator are proven 
as good sources to generate the initial guess profile. By the use of the proposed fitting strategy, 
142 
 
predicted doping profiles are close to various SIMS measurements again. The profile 
discrepancy in heavily doped regions also indicates the effect of inactive dopants between 
chemical and electrical profiles. Chapter 7 conceptually displays the doping profile 
prediction in both destructive and non-contact manners. In the non-contact profile 
prediction, the practical degeneracy problem is the bottleneck to find the right profile in 
the transmission mode system. Many efforts can be thought of eliminate this uncertain 
factor. 
In conclusion, all conceptual demonstrations in Chapter 7 have displayed the potential of 
competing existing commercial and developing techniques to achieve the doping profile 
measurement. The original motivation of the THz-TDS approach is designed for the purpose of 
an in-situ process monitor. From the commercialization point of view, maybe the destructive 
approach will be quicker to be implemented. 
8.5 Future work 
The work presented in this dissertation is concentrated on the four important applications 
using a typical THz-TDS, including material thickness determination, doping profile recognition, 
refractive index extraction in heavily doped materials and non-contact as well as destructive 
doping profile predictions. There is certainly a huge scope for further development on several 
aspects of the work. Below are some directions which could be followed up: 
1. Conceptual demonstration of the non-contact profile prediction through the proposed 
strategy has been performed semi-automatically in Chapter 7. The next step would be the 
implementation of profile prediction using automatic algorithms. Many ideas can be 
investigated over here, including the selection of proper mathematical models for distinct 
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doping features, the trial of existing mathematical algorithms, the creation of new reverse 
algorithms, various constraints for different algorithms, and the programming efforts 
required for various algorithms.  
2. The practical degeneracy has been pointed out as the major problem in the non-contact 
profile prediction. Strategies to break and shrink the practical degeneracy such as utilizing 
information from reflected THz system, reducing the measurement uncertainty, choosing 
constraints for different algorithms and innovating advanced reverse algorithms can be 
important future work to study.  
3. The performance regarding the destructive doping profile measurement looks promising 
in the initial demonstration to compete with existing destructive techniques. The next step 
could be the study of the prediction resolution, the selection of the technique for Si removal, 
the overall system design and the future commercialization. 
4. In this dissertation, several extensions, mentioned in Chapter 3-5, can be individualized 
as research topics. The analytical procedure in Chapter 3 can be applied to research the 
same thickness resolutions in various materials with different intrinsic doping levels. The 
profile recognition in Chapter 4 can be extended to other dopants and compare their 
resolutions to phosphorus and boron dopants. The strategy in Chapter 5 can be applied to 
extend libraries from other dopants. All these extensions will broaden practical applications 
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11.A Equation Derivation for the Accurate Complex Transmission Estimation 
THz Transmission 𝐸?̃? of two peaks is considered as the superposition of 𝐸𝑇1
̃ + 𝐸𝑇2
̃ . In 
this equation, air scan is defined as the reference. 
 






























































































































































∴ 𝑡𝑇𝐻𝑧_𝑀𝑒𝑎𝑠𝑢𝑟𝑒̃ = 𝑡𝑇𝐻𝑧1̃ + 𝑡𝑇𝐻𝑧2̃ 
11.B Weighted Table used in the Destructive Doping Profile Measurement 
The concept of the weighted table is to put heavier weighting values on profiles with 
more THz scans experienced. In the practical process, the remaining part of the profile has 
experienced more THz scans to own a heavier weighted number. Below table is a generalization 
using the well-known triangular number series to practice the weighted average in 14 THz scans 
and 25 profile segments. In table (a), the heavier weight (14) is put on the profile at the 14th THz 
scan. The value is reduced by 1 as the scan number decreases. The summation of each row is 
defined as the denominators to calculate the ratio in the table (b) by dividing the number in table 
(a). Blank areas are regions where profiles are already etched. This table can be varied by having 




The reverse mapping concept can be considered as having a special weighted table shown 
in below. Each profile region is determined by one time scan with the weighted value “1”. 
 
 
1 2 3 4 5 6 7 8 9 10 11 12 13 14
000-020 nm 1 1
020-040 nm 2 0 1
040-060 nm 3 0 0 1
060-080 nm 4 0 0 0 1
080-100 nm 5 0 0 0 0 1
100-120 nm 6 0 0 0 0 0 1
120-140 nm 7 0 0 0 0 0 0 1
140-160 nm 8 0 0 0 0 0 0 0 1
160-180 nm 9 0 0 0 0 0 0 0 0 1
180-200 nm 10 0 0 0 0 0 0 0 0 0 1
200-220 nm 11 0 0 0 0 0 0 0 0 0 0 1
220-240 nm 12 0 0 0 0 0 0 0 0 0 0 0 1
240-260 nm 13 0 0 0 0 0 0 0 0 0 0 0 0 1
260-280 nm 14 0 0 0 0 0 0 0 0 0 0 0 0 0 1
280-300 nm 15 0 0 0 0 0 0 0 0 0 0 0 0 0 1
300-320 nm 16 0 0 0 0 0 0 0 0 0 0 0 0 0 1
320-340 nm 17 0 0 0 0 0 0 0 0 0 0 0 0 0 1
340-360 nm 18 0 0 0 0 0 0 0 0 0 0 0 0 0 1
360-380 nm 19 0 0 0 0 0 0 0 0 0 0 0 0 0 1
380-400 nm 20 0 0 0 0 0 0 0 0 0 0 0 0 0 1
400-420 nm 21 0 0 0 0 0 0 0 0 0 0 0 0 0 1
420-440 nm 22 0 0 0 0 0 0 0 0 0 0 0 0 0 1
440-460 nm 23 0 0 0 0 0 0 0 0 0 0 0 0 0 1
460-480 nm 24 0 0 0 0 0 0 0 0 0 0 0 0 0 1
480-500 nm 25 0 0 0 0 0 0 0 0 0 0 0 0 0 1
THz Scan Number
Sections
